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Figure 3.13: Modeling the outage of two parallel lines with a power transfer. 

If the outage of the parallel lines results in island formation, then 

( )1 1, 1, 2 2, 2,, ,1
from to from tol l l l l lPTDF PTDF− −− −  will be equal to zero and modeling of the double 

line outage must account for changes in generation due to islanding. 

For cases where the lines are not in parallel, the minimization in (3.37) can be 

solved as a least squares minimization: 
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Using the optimal injections defined in (3.40), the optimization of (3.37) can be 

simplified further: 
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The normalized angle distance (NAD) metric can also be extended to double-line 

outage events as follows: 
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With the error metric properly defined, the algorithm can be defined for double-line 

outage event detection, which closely aligns with those for single-line and generator 

outage events. 
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3.4.2 Basic double-line outage event definition algorithm 

In order to detect double-line outage events, identify the outaged lines, and 

determine the pre-outage flows on the lines, the following basic algorithm is used: 

1. For each line [ ]1 1,l L∈  

a. Calculate 
1,calc lΔθ�  using (3.36). 

b. For each line [ ]2 1 1,l l L∈ +  

i. Calculate 
2,calc lΔθ�  using (3.36). 

ii. Calculate *
,1lP��  and *

,2lP��  using (3.40) for nonparallel lines or *
,1,2lP��  

using (3.38) for parallel lines. 

iii. Calculate the NAD value for the double outage { }1 2,l l using 

(3.42), then store the calculated error value in the indexed array 

NADVals: 

 { } 1 21 2 ,, l ll lNADVals NAD=  (3.43) 

2. Determine the lines { }* *
1 2,l l that were outaged by sorting NADVals: 

 { } { }1 2
1 2

* *
1 2 ,

,
, arg min l l

l l
l l NADVals=  (3.44) 

3. Determine the pre-outage flows on the lines which correspond to the optimal 

double outage model injections using (or (3.39) for parallel lines): 
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 (3.45) 

 

3.4.3 Computational complexity 

The extension of events from single- to double-line outages can greatly increase 

both storage and computational demands.  The key difference between evaluating 
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single- and double-line outages is the number of potential events.  For single-line 

outage events, only L events need to be considered, if L is the number of lines which 

are currently in service.  On the other hand, for double-line outages, the number of 

considered events is 
2
L⎛ ⎞

⎜ ⎟
⎝ ⎠

, or ( )1 / 2L L −⎡ ⎤⎣ ⎦ .  For a typical system, with lines 

numbering in the tens of thousands, this can represent a tremendous increase in the 

amount of work needed to find the minimizing event.   

3.4.4 Heuristic modifications to the basic algorithm 

There are several ways to reduce the dimensionality of the search space, with a 

tradeoff between consideration of improbable events and reduction in storage and 

computational burden.  One method is to filter the event set to only include outages 

with probability above a certain threshold Probthreshold : 

 { }
{ } { } { } { }( )

( )
1 2 1 2

* *
1 2

, 1,2,..., 1,2,..., ,Prob , Prob
lines outaged , arg min

thresholdl l L L l l
l l

∈ × >
= "  (3.46) 

The probability data needed to execute the filtering in (3.46) should be based on 

detailed modeling or operational data.  Unfortunately, this data is currently 

unavailable over the wide area; however, the need for this data to improve event 

identification could serve as a motivating factor to improve the collection and 

distribution of outage statistics. 

A second way of filtering the event set is to account for the geographic proximity 

of two lines on the system.  Simultaneous line outages have a tendency to occur in 

shared rights of way [71], and the wide availability of line locations makes this option 

more feasible than (3.46).  The basic formulation of this filtering method is 
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{ } { } { } ( )
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, 1,2,..., 1,2,..., , ,
lines outaged , arg min

thresholdl l L L d l l d
l l

∈ × <
= "  (3.47) 

where a distance function is defined between any two lines, ( )1 2,d l l , and this distance 

must be below a threshold value of thresholdd  for the two lines to be considered 

together.  Because line locations rarely change at the transmission level, the 

determination of ( )1 2,d l l  for each pairwise combination of lines can be stored and 

used for long periods of time.  

One simple but conservative distance metric that can be used for ( )1 2,d l l  is 
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(3.48) 

A visualization of this distance function is provided in Figure 3.14.  This formulation 

provides a lower bound on the pointwise distance between any two points in either 

line.  The first equation in (3.48) represents the solution of the minimum enclosing 

circle (MEC) problem, with the line vertices as the points to be enclosed.  This is a 

well-studied problem, and algorithms exist which can calculate ( ),
i il lx y  and the 

associated radius in ( )O in  time, where in  is the number of vertex points for line i  

[72].  Pairwise evaluation of these distances can be done very quickly once the 

( ),
i il lx y  and iR  values are known, with each distance calculation requiring only three 

add and two multiply operations. 
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Figure 3.14: Distance between two lines, as defined in (3.48). 

An alternative method of defining the distance between two lines is to use the 

minimum distance between any two points on the lines: 

 ( )
( )
( )

( ) ( )
1 1
2 2

1 2 1 1 2 2all points , line 1,
all points , line 2

, min , ,min x y
x y

d l l x y x y
∈
∈

= −  (3.49) 

This distance function is illustrated in Figure 3.15.  The relationship between mind  and 

circd  is that circd  is a lower bound on ( )1 2,mind l l , since any point on a line must by 

definition be within the MEC of the line.  The relative magnitude of mind  and circd  

depends on the line configuration, but mind  should be substantially higher since the 

MEC tends to greatly enlarge the influence region of a line, particularly for long lines. 
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Figure 3.15: Minimum distance between two lines, as defined in (3.49). 

  These distances can be calculated offline and stored in a table for later retrieval.  

Determining what the set of considered double line outages is for a given threshold is 

then a matter of looking for all entries in the table below a threshold, which can be 

greatly accelerated by utilizing sorted lists for storage.  As a result, the calculations 

involved in the filtering operation should be much lower than the search of the 

complete double outage event space and result in a net reduction in computation time 

and storage. 

To evaluate the usefulness of the filtering method defined in (3.47) and (3.48), a 

large system with 4609 lines, illustrated in Figure 3.16, was used.  The minimum 

distance between lines is zero, resulting from the case where two lines have the same 

terminal bus.  The maximum distance between any two lines is 1422 miles using circd  

and 1429 miles using mind , and the mean distance is 342 miles using circd  and 347 

miles using mind .  
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Figure 3.16: System used to test the impact of distance-based double-outage filtering. 

 
Figure 3.17: Percentage of double-outage events considered as a function of the 
distance threshold dthreshold using dcirc and dmin for threshold ranges of 0-1500 miles (a) 
and 0-5 miles (b). 

Figure 3.17 illustrates how the percentage of double-line outage events filtered by 

the distance function varies with the distance cutoff values ranging from 0 to 1500 

miles on the left side and 0 to 5 miles on the right side.  These results indicate that 

even a conservative threshold of 5 miles removes over 99.75% of the double-outage 

events from consideration if the larger distance mind  is used.  For real-time 

implementation, Figure 3.17 could be used to find the distance threshold 

corresponding to a defined number of events (e.g., if a maximum search time is 
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specified) or the number of events corresponding to a defined distance threshold (e.g., 

if a maximum interline distance is specified).   

The other heuristic applied to double-line outage detection is the rejection of 

potential outages when the estimated pre-outage flow is above 150% of the line rating 

or 5 GW.  This is the same heuristic used in single line outage detection and described 

above in Section 3.2.4. 
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4 EVENT DETECTION EVALUATION 

4.1 Single-Line Outage Examples 

To test the single-line outage detection algorithm, two tests were performed.  The 

first set of tests, using the system defined in Error! Reference source not found., 

examines the algorithm’s performance for each of the 56 single line outages on the 

system.  The second set examines the algorithm’s performance using real data from 

the Tennessee Valley Authority system recorded during the outage of a major 500-kV 

transmission line.   

To evaluate single-line outage detection, several performance metrics are defined.  

The first is an indicator function to signal whether or not a particular outage is 

detected by the algorithm for a given set of detection parameters: 

 ( ) 1 ,outage of line  detected
0 , otherwise

outaged
outaged

l
AboveThreshold l

⎧
= ⎨
⎩

 (4.1) 

where outagedl  is the outaged line.  Next, a metric is defined to represent the NAD value 

of the outaged line: 

 ( )
outagedoutaged lNADOutaged l NADVals=  (4.2) 

This metric indicates how well the expected and observed angles match up for the line 

that was outaged.  The rank of the outaged line in the sorted NADVals list is also 

important: 

 ( ) { }: 1
outagedoutaged l lRankOutaged l l NADVals NADVals= < +  (4.3) 

Ideally, RankOutaged would be one, indicating that the algorithm has correctly 

matched the outaged line with the observed angle changes.   
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Taken together, these metrics define whether a line outage is detected 

(AboveThreshold), how well the observed and expected angle changes match 

(NADOutaged), and how well the expected angles from the outaged line compare 

with those from other lines (RankOutaged).  

4.1.1 All 37-bus single-line outages 

The first set of tests was conducted with the system described in 0.  The 56 in-

service lines were each outaged and a transient simulation was run for 5 s after the 

outage.  For the transient simulation, the default simulation parameters were used 

from PSS/E version 31, including the default simulation time step of 1/120 s (i.e., a 

sampling rate of 120 Hz).  To simulate the data that would be obtained from a phasor 

measurement unit, the raw simulated data was downsampled to a sampling rate of 30 

Hz.  A low-pass antialiasing filter with a cutoff of 15 Hz and delay compensation was 

used to ensure that no out-of-bandwidth components were present in the simulated 

measurements.  An example of the simulated angle measurements at each bus on the 

system for the outage of the line connecting buses 28 and 31 is shown in Figure 4.1. 

The results of the transient simulation were then filtered using one of the methods 

described in Chapter 2, and the observed angle changes were determined using the 

method described in Chapter 3.1.  These results were then processed using the 

algorithm defined in Sections 3.2.2 and 3.2.4 to detect the outaged line.   
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Figure 4.1: Original simulated angles (left side) and simulated PMU angle 
measurements (right side) for the outage of the line connecting buses 28 and 31, with 
all angles referenced to the SLACK345 bus angle. 

For each study, one or more of the following parameters was varied: 

• FilterLength : the length of the digital signal filter, equal to N from (2.1) (for 

FIR filtering) or (2.4) (for median filtering) 

• τ : the threshold used to determine whether an event has occurred, defined in 

Section 3.1.1 

• PMUSet : the set of bus numbers where measured angles are available 

In addition, transN  was set to FilterLength  for FIR filtering and 
2

FilterLength⎢ ⎥
⎢ ⎥⎣ ⎦

 for 

median filtering based on the results shown in Figure 3.5. 

4.1.1.1 All buses monitored 

The first set of tests examines the effect of changing the threshold and filtering 

methods with full PMU coverage (i.e., { }all system busesPMUSet = ).  Because all 

buses are monitored, this test is designed to provide best case results for specific filter 

parameters and angle detection thresholds.   
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4.1.1.1.1 Median filtered angles 

 
Figure 4.2: Minimum threshold values and error values for each line, ordered in 
ascending order by minimum threshold, using a median filter of length 31. 

One of the two filtering methods discussed in Chapter 2 is median filtering.  The 

first parameter considered is τ , which determines how much of an angle change 

needs to occur before it is recognized as an event.  Plotted in Figure 4.2 are the 

NADOutaged and MinThreshold (the minimum value of τ  needed to detect the 

event) for each line outage on the system, sorted in ascending order by the 

MinThreshold  and using a window length of 31.  For parallel lines, only one of the 

lines is provided in this graph.  A log scale is used for both y-axes due to the widely 

varying values of MinThreshold  and NADOutaged among the set of all outaged 

lines.  Several useful insights can be obtained by analyzing this figure.  First of all, the 

minimum threshold value needed to detect every line outage is 0.01 degrees; however, 
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those events which require extremely low threshold values also have the highest 

NADOutaged  values, indicating that choosing the minimal threshold value will result 

in misclassification of these lines.  To illustrate this behavior, Figure 4.3 shows the 

average NADOutaged value, taken over all line outages, for varying values of the 

angle threshold.  The reduction in NADOutaged  as the angle threshold is brought 

past 0.03 degrees, in essence ignoring the troublesome outages between buses 15-54 

and 18-37, can clearly be seen in this plot and illustrates how the threshold value can 

impact the NADOutaged  results. 

 

 
Figure 4.3: Mean NADOutaged values for median filtering using a window length of 
31 with the angle threshold varied from 0.01 to 0.57 degrees; the left plot shows the 
right plot zoomed in to the region τ∈[0.01,0.05]. 

To understand why the NADOutaged values are so high for the outages of lines 

15-54 and 18-37, Figure 4.4 provides a detailed look at the angle changes for all 

system buses due to the outage of the line with the highest NADOutaged value, 18-37, 

using both ac and dc power flow solutions.  Because the dc power flow assumptions 

are used in constructing the expected angle changes, a failure of these assumptions to 

hold for the outage of this line is responsible for the large NADOutaged  value.  The 
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norm of the differences in angle changes between the ac and dc power flow solutions 

is 0.045 degrees for this outage, which is comparable in magnitude to the norm of the 

estimated angle changes under the dc power flow assumptions (0.04 degrees).  One 

possible reason for the poor performance of the dc power flow for the outage of the 

18-37 or 15-34 lines is that these lines have the highest R/X ratios on the system, with 

R/X = 1.82, and lines with high R/X ratios are known to cause errors in the accuracy 

of the dc power flow. 

 
Figure 4.4: Calculated changes in angles at all system buses due to the outage of a line 
connecting buses 18 and 37 using the ac and dc power flow. 

A high NADOutaged  in and of itself does not guarantee that the algorithm is 

failing to properly identify the outaged line; what really matters is where a particular 

line outage ranks in the set of ordered NAD relative to all the other possible outages.  

Figure 4.5 shows that the rank of the line in the NADVals list, RankOutaged, is indeed 
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closely tied to the NADOutaged value of the outaged line.  This figure is a scatter plot 

of NADOutaged versus RankOutaged for a wide range of filter lengths (from 3 to 61 

in increments of 2) and angle thresholds (from 0.01 to 0.57 degrees in increments of 

0.01 degrees).  As shown in the plot, for any detected event with an NADOutaged 

value less than 0.8, the algorithm correctly ranks the outaged line.  As the true system 

response becomes less similar to the response predicted by the dc power flow, 

NADOutaged gets larger and the ranking of the outaged line becomes poorer, in some 

cases resulting in rankings as high as 43 out of 56 (for the outage of the two lines 

between buses 18 and 37 using window lengths of 29 or 31 with angle thresholds of 

0.01 or 0.02 degrees). 

 
Figure 4.5: Scatter plot of NADOutaged versus RankOutaged for 84 867 detected line 
outages using window lengths from 3 to 61 in increments of 2 and angle thresholds 
from 0.01 to 0.57 degrees in increments of 0.01 degrees. 

In addition to the effect of the angle threshold on successful line outage detection, 

the window length can also have an effect on the value of NADOutaged  by changing 

the attenuation of oscillations and the estimation of the steady state angle changes.  

Figure 4.6 shows the relationship between the median window length and the average 
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NADOutaged value using a constant angle threshold value of 0.05 degrees.  There is a 

sharp decrease in the NADOutaged mean as the filter length is increased from 3 to 19, 

then a more gradual decrease as the filter length is increased further.  This 

corresponds to the results shown in Figure 3.5, where missθΔ shows a rapid decay for 

small window lengths and a more gradual decay for larger window lengths.   

 
Figure 4.6: Effect of median window length on the mean NADOutaged value using an 
angle threshold of 0.05 degrees. 

 
Figure 4.7: Elimination of an oscillation in the BLT138 bus angle signal for the 
outage of line 47-53 as the median window length is changed from 9 to 41. 

The decrease in NADOutaged as the window length is increased is due to 

improved attenuation.  As an illustrative example, Figure 4.7 shows an oscillation in 
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the angle signal of bus BLT138 that is eliminated as the median window length 

changes from 9 to 41. 

4.1.1.1.2 FIR filtered angles 

The same outage cases were also analyzed using FIR filtering to determine the 

angle change vectors.  A graph analogous to that of Figure 4.2 showing the 

MinThreshold and NADOutaged values for each of the lines in the system is provided 

in Figure 4.8.  The same problem at the low end of the graph can be seen—lines 

which require very low threshold values have high NADOutaged values.  This shows 

that the disparity between the ac and dc power flow solutions (e.g., as shown in Figure 

4.4) cannot be compensated for by changing the filtering method and is a fundamental 

limitation due to the usage of the dc power flow equations to detect the outage event.   

 
Figure 4.8: Minimum threshold values and error values for each line, ordered in 
ascending order by minimum threshold, using an FIR filter of order 31. 
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The usage of higher order FIR filters also has a minimizing effect on the 

NADOutaged mean, as illustrated in Figure 4.9.  Of particular note is that there are no 

portions of the curve in which the NADOutaged mean increases as the FIR filter order 

increases.  Comparing this to Figure 4.6, the inverse relationship between filter length 

and NADOutaged mean is more consistent for FIR filtering than median filtering.  

One reason for this behavior is that FIR filtering attenuates better at all oscillation 

frequencies above the cutoff frequency as the filter order is increased (see Figure 

2.15), whereas this is not necessarily the case for median filtering (see Figure 2.16). 

 
Figure 4.9: Effect of FIR filter order on the mean NADOutaged value using an angle 
threshold of 0.05 degrees. 

The scatter plot of NADOutaged versus RankOutaged in Figure 4.10 shows that 

the relationship between these two values obtained from median filtering also holds if 

FIR filtering is used, indicating that the algorithm is more sensitive to the accuracy of 

the dc power flow assumptions than the filtering method for the case where all bus 

angles are monitored.   
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Figure 4.10: Scatter plot of NADOutaged versus RankOutaged for 86 438 detected 
line outages using filter orders from 3 to 61 and angle thresholds from 0.01 to 0.57 
degrees. 

4.1.1.2 Eighteen buses monitored 

To examine how the algorithm performs with lower PMU deployment, additional 

tests were run with only half the buses monitored, using

{ }3,10,13,15,17,19, 21, 27, 29,31,33,35,38, 40, 44, 48,53,55PMUSet = .   

Figure 4.11 shows the NADOutaged versus RankOutaged scatter plot for FIR and 

median filtering using the same parameter range used to construct Figures 4.5 and 

4.10.  The outliers from the scatter plot using full PMU placement are no longer on 

the plot because the reduced PMU set does not result in detection of the  problematic 

line outages.  Of all the detected events, only 166 have rank not equal to one, and all 

166 of these misrankings are with the outage of line 33-50.   
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Figure 4.11: Scatter plot of NADOutaged versus RankOutaged for 82 289 detected 
line outages (FIR filtering) and 81 846 detected line outages (median filtering) using 
filter lengths from 3 to 61 and angle thresholds from 0.01 to 0.57 degrees. 

Figure 4.12 shows the RankOutaged values for all instances in which the outage 

of line 33-50 is detected with FIR and median filtering.  Each blue dot represents a 

combination of filter order and threshold such that the ranking of the 33-50 line in the 

NADVals array is 3, and each green dot represents the combination such that the 

ranking is 1.  The areas without dots represent the cases where the event was not 

detected because no candidate signals exceeded the threshold angle τ .  This figure 

demonstrates that setting the angle threshold to a low value can result in 

misclassification of lines by the algorithm.  In this case, the very small amount of 

flow on line 33-50 before the outage, 2.3 MW, results in small observed angle 

changes which are difficult to classify.  
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Figure 4.12: Detailed RankOutaged distribution for the outage of line 33-50 using FIR 
filter orders of 3-61 and angle thresholds of 0.01 to 0.57. 

One additional result of changing from having a PMU at every bus to having a 

PMU at 18 buses is how low of an NADOutaged is needed to guarantee correct 

ranking of the line, referred to as NADOutagedMin.  A higher value of 

NADOutagedMin means that more confidence can be placed in the detection 

algorithm results if the NADOutaged value for the detected line is much lower than 

NADOutagedMin.  For median filtering, the NADOutagedMin is 0.867 for complete 

PMU coverage but drops to 0.252 in the case where only 18 PMUs are placed on the 

system.  This is expected, since having more information about the system should 

allow for more confidence to be placed in the results based on that information.  

Using FIR filtering gives similar results—NADOutagedMin is 0.254 in the case where 

only 18 PMUs are placed on the system and 0.8403 for a full PMU placement. 

The biggest difference between the performance of the algorithm using full PMU 

coverage and half PMU coverage is in the number of lines which are distinguishable 

with respect to the algorithm.  Two line outages are indistinguishable with respect to 
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the algorithm if the ,calc lΔθ�  values calculated using (3.8) are scalar multiples of each 

other, i.e.,  

 
1 2, ,, calc l calc lα α∃ ∈ =Δθ Δθ� �\  (4.4) 

One way this can occur is if two lines are in parallel.  For the 37-bus case, an example 

where this occurs is with the two parallel lines connecting buses 21 (WOLEN69) and 

48 (BOB69).  The outage of either of these lines is modeled as an injection and 

withdrawal at bus 21 and 48, respectively, as discussed in Section 3.2.1 above.  As a 

result, the ,calc lΔθ�  values calculated for the outage of either line will be the same, 

regardless of the PMU deployment on the system.  For full PMU deployment, as 

considered in Section 4.1.1.1, this is the only situation in which two lines will satisfy 

(4.4).  This is due to the fact that the K matrix used in (3.8) is the N N× identity 

matrix when all buses are monitored. 

As the number of PMUs on the system is reduced, there are situations where 

nonparallel lines still satisfy (4.4).  In particular, this can occur when there is an 

unmonitored portion of the system connected to only one or two PMU-monitored 

buses.   

The first case considered is the where there are two boundary buses.  In Figure 

4.13, the “Buses not monitored with PMUs” region is eliminated and replaced by 

loads at the boundary buses equal to the flows out of the boundary bus.  The systems 

on the left and right of Figure 4.13 result in the same angles at the monitored buses.  
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Figure 4.13: Reducing the full system to only buses that are monitored with PMUs. 

To see why this is true, first the power flow equations for the left system are given: 
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where x ω y means there is a line connecting buses x and y, ,i jF  is the power flow 

from bus i to bus j, mθ  is the set of angles at the monitored buses, uθ  is the set of 

angles at the unmonitored buses, and ,inj iP  is the power injected into bus i (positive for 

generators and negative for loads).  Referring to Figure 4.13, the power flow 

equations at the monitored buses can be rearranged so that uθ  is eliminated and 

replaced by the boundary flow: 
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Because Equation (4.6) constitutes the power flow equations for the right-side system 

in Figure 4.13, the power flow solution mθ  is the same for both the left and right 

systems. 

If an event occurs on the unmonitored system which results in changes to the 

boundary flows, the external system can still be removed and replaced with injections 

using the new line flows between the two systems, as shown in Figure 4.14.  Barring 

any net changes in power injections within the unmonitored system (e.g., if the event 

is a line outage or a transfer between two buses within the unmonitored system), then 

the sum of the power entering the unmonitored system must stay constant [70].  As a 

result, the sum of the changes in flows and, consequently, the sum of the changes in 

equivalent injections must equal zero (i.e., 1 2F FΔ = −Δ ).   

 
Figure 4.14: The changes in the equivalent injections due to the event will sum to zero 
if there is no change in power injections within the unmonitored system. 

One consequence of this fact is that any two line outages within the unmonitored 

system will result in angle changes that are scalar multiples of one another (i.e., 

1 2, ,, calc l calc lα α∃ ∈ =Δθ Δθ� �\ , 1 2, unmonitoredl l ∈ system).  To see why this is the case, 
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first let 
11,lFΔ  be the change in flow on one of the boundary lines due to the outage of 

line 1l , and let 
21,lFΔ  be the change in flow on one of the boundary lines due to the 

outage of line 2l .  Referring to Figure 4.14, the outages can be represented by 

injections of { }1 11, 1,,l lF FΔ −Δ  and { }2 21, 1,,l lF FΔ −Δ  at the two boundary buses.  The 

estimated change in angles within the monitored system for the outage of line 1l  can 

then be expressed as 
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Similarly, the change in angles due to the outage of line 2l  can be expressed as: 
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Combining the results from (4.7) and (4.8), the condition in (4.4) holds: 
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 (4.9) 

An example of where this occurs for the study case with 18 PMUs is shown in Figure 

4.15.  Relating this diagram to the discussion in the previous paragraph, buses 14, 34, 

20, and 50 constitute the unmonitored system, buses 33 and 44 are the boundary 

buses, and lines 14-44 and 33-50 are the boundary lines.   
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Figure 4.15: Indistinguishable line outages using the 18 PMU configuration of the 37-
bus case. 

Table 4.1: Algorithm results for lines shown in Figure 4.15 using order 61 FIR 
filtering and angle threshold of 0.01 degrees 

From bus To bus NADOutaged RankOutaged SharedRank FlowError (MW)

14 34 0.0138 1 4 0.6641 

14 44 0.0636 1 4 0.8682 

20 34 0.0394 1 4 0.0002 

20 50 0.0349 1 4 0.6832 

33 50 0.1966 1 4 0.6573 

Using FIR filtering of order 61 and an angle threshold of 0.01 degrees, the 

algorithm is able to correctly identify each line when it goes out (i.e., RankOutaged = 

1 for all outages) and predict the pre-outage flow accurately.  Table 4.1 provides 

details on the algorithm’s performance for the outage of each of the lines in the 

unmonitored system with two additional performance metrics: 
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Ideally, SharedOutaged would be zero (indicating that the outaged line is 

distinguished from all other lines) and FlowError would also be zero (indicating that 

the algorithm predicted the pre-outage flow perfectly).  The FlowError values in 

Table 4.1 are very low, and the SharedOutaged confirms that the topology results in 

each line being indistinguishable from the other with respect to the algorithm.  One 

way to mitigate the impact of having several lines that are indistinguishable is to 

present the results by highlighting all lines which have RankOutaged equal to one on 

the one-line diagram.  This would still provide very useful information; namely, the 

subset of the lines on the system that contains the outage line. 

For the case where there is only one boundary bus between the monitored and 

unmonitored system (i.e., the unmonitored system is radially connected to the 

monitored system), the change in flow on the boundary lines will be zero if the net 

power injections within the unmonitored system do not change (e.g., for a line outage 

within the unmonitored system).  Therefore, the change in equivalent injection 

representing the unmonitored system is zero and the angles at the PMU-monitored 

buses do not change.  One instance of this topology for the 37-bus case is shown in 

Figure 4.16.  Because bus 37 is only connected to the rest of the system through one 

bus, unless there is a PMU measurement from bus 37 there will be no estimated 

change in the estimated system angles ( ,calc l =Δθ 0� ).  This is also shown in Figure 4.4, 

where the angle changes obtained by running the dc power flow solution after the 

outage of one of the lines connecting buses 18 and 37 are shown to be zero for all 

buses besides bus 37. 
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Figure 4.16: Instance of a radial system (single boundary bus) from the 37-bus case. 

The inability of the algorithm to detect radial lines without monitoring of the 

radial buses can be significant.  For instance, if one of the lines between buses 18 and 

37 goes out, it would be very helpful for the operator to know that there is only one 

line left to serve the load at bus 37.  However, to allow the algorithm to detect one of 

the lines going out, a PMU must be placed at bus 37.  This fact can help guide system 

planners in determining where to place new PMUs on the system, particularly if there 

is a known issue with reliability of one of the lines. 

4.1.2 TVA system line outage  

The second event tested is based on real measurements from the Tennessee 

Valley Authority (TVA) system after the outage of a 500-kV transmission line 

carrying approximately 1000 MW of power.  The buses with PMU angle signals are 

shown in Figure 4.17.   The unfiltered PMU signals obtained from these PMUs are 

shown in Figure 4.18, with the 8CORDOVA bus angle taken as the reference. 



 

 100

 
Figure 4.17: Location of PMU angle measurements on TVA system and location of 
the line outage. 

 
Figure 4.18: Unfiltered angle measurements from before and after the line outage. 

As with the 37-bus outages, an extensive sweep of filter type, filter length, and 

angle threshold was conducted to test the algorithm with this event.  Figure 4.19 

shows the RankOutaged values for FIR and median filtering using filter lengths in the 
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range of 3 to 401 and τ  values between 0.1 and 0.5 degrees.  Using a larger value of 

τ  results in an improved ranking for a given filter length due to the reduced 

interference of noise in determining the sample maxn , which is in turn used to 

determine observedΔθ .  The median filter also performs much poorer than FIR filtering 

for these signals, primarily due to the lack of noise attenuation (as shown in Figure 

4.20).   

 
Figure 4.19: RankOutaged values for detection of the TVA outage event using filter 
lengths in the range of 3 to 401 and angle thresholds in the range of 0.1 to 0.5 degrees. 

 
Figure 4.20: Differences in noise attenuation for FIR and median filtering for a filter 
length of 379. 
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The presence of noise in the TVA PMU signals is the key difference between 

these values and those simulated for the 37-bus case.  Because noise is present, the 

lower bound on τ  must be raised to avoid any misclassification of noise as an event.  

To show how a poor choice of τ  and filter length can cause false positives, the 

following metric is defined: 

 ( )
1 ,   < 

,
0 , otherwise

max line switchn n
EarlyEdge FilterLength τ

⎧
= ⎨
⎩

 (4.11) 

where line switchn  is the sample number corresponding to the outage of the Cumberland-

Davidson line.  Figure 4.21 shows the contour plots of EarlyEdge for FIR and median 

filtering, calculated with filter lengths between 3 and 401, and angle thresholds 

between 0.1 and 0.5 degrees.  The red areas indicate which combinations of filter 

length and angle threshold result in misclassification of noise as an event.  For any 

filter length, increasing the threshold results in lower misclassification; increasing the 

filter length can occasionally result in additional false positives due to the random 

noise present in the signals.  These results show that choosing a higher value of τ  

will tend to give better results, although the downside of using a large value of τ  is 

the potential increase in false negatives. 
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Figure 4.21: EarlyEdge contour plot for FIR (left) and median (right) filtering using 
filter lengths in the range of 3 to 401 and angle thresholds in the range of 0.1 to 0.5 
degrees. 

Because the outaged line is connected to the PMU at 8CUMBERL, it is 

interesting to see how the algorithm performs when the angle measurement at 

8CUMBERL is removed.  Figure 4.22 shows that the algorithm performs just as well 

for certain combinations of filter length and angle threshold, but for other settings 

there is significant performance degredation.  One cause of the poorer performance 

without the 8CUMBERL angle is that the oscillations are easier to attenuate for the 

other buses due to the lower amplitudes, and as a result it takes longer for the 

algorithm to settle on the maxn  value.  As maxn  gets larger, more of the postoutage drift 

in the steady state angle is incorporated into observedΔθ  and results in poorer algorithm 

performance.  The correct detection of the line outage for lower filter orders is 

promising, and indicates that the line outage can be detected with relatively low delay.  

These results also provide strong evidence that a basic median filter is likely to 

perform worse than a similarly sized FIR filter with noisy measurements due to 

poorer attenuation of noise. 
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Figure 4.22: RankOutaged values with and without the usage of 8CUMBERL PMU 
angle measurements. 

4.2 Generator Outage Examples 

The next set of examples looks at how well the algorithm can detect generator 

outages on the system.  The 37-bus case used to test single-line outage detection was 

also used to simulate PMU signals due to generator outages.  Each of the nine 

generator outages was simulated using PSS/E, and the data was then processed in the 

manner discussed at the beginning of Section 4.1.1. 
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4.2.1 All buses monitored 

As with the single-line outages, the first case examined is the case where there are 

PMUs located at all buses on the system.  The two sets of contours in Figures 4.23 

and 4.24 show how well the algorithm ranks the outaged generator based on the angle 

measurements using FIR filtering with filter orders between 3 and 301 and angle 

thresholds between 0.1 and 3.0 degrees.  The blank spaces in the contours show where 

the event was not detected (i.e., no angle exceeded the threshold). 

 
Figure 4.23: Contour plot of RankOutaged for generator outages at WEBER69, 
JO345, SLACK345, and LAUF69 using FIR filtering orders of 3 to 301 and angle 
thresholds of 0.1 to 3.0 degrees. 
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Figure 4.24: Contour plot of RankOutaged for generator outages at BOB69, 
ROGER69, BLT138, and BLT69 using FIR filtering orders of 3 to 301 and angle 
thresholds of 0.1 to 3.0 degrees. 

The only generator that is grossly misranked is WEBER69.  As with the single-

line outages that resulted in small angle changes, the small deviation in angles due to 

the outage of this generator make it very difficult to match the correct outage to the 

observed angle changes.  This is further evidence that selecting the correct value of τ  

is necessary to ensure the algorithm detects events properly. 
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The reason that the JO345 outages have RankOutaged equal to two for large 

portions of the contour is the inability of the algorithm to attenuate the oscillations 

with a filter cutoff frequency of 0.1 Hz.  Figure 4.25 shows that an FIR filter of order 

151 with a cutoff frequency of 0.1 Hz is incapable of properly damping the 

oscillations that are caused by this outage.  Lowering the cutoff frequency to 0.01 Hz 

can improve results, as shown in Figure 4.26, but only for filter orders above 400. 

 
Figure 4.25: Prevailing oscillations after the outage of a JO345 generator using FIR 
filtering with filter order 151 and cutoff frequency of 0.1 Hz. 

 
Figure 4.26: Effect of FIR low-pass cutoff frequency on the detection and rank of the 
JO345 generator outage. 
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The same tests were run using median filtering instead of FIR filtering, and the 

resulting contour plots are shown in Figures 4.27 and 4.28.  The performance of the 

algorithm is similar for both filtering methods, although median filtering is able to 

correctly rank the JO345 outage slightly more often than FIR filtering.  The other key 

difference is that the band in Figure 4.24 where RankOutaged is equal to two for the 

BLT138 outage is absent in the same contour of Figure 4.28. 

 
Figure 4.27: Contour plot of RankOutaged for generator outages at WEBER69, 
JO345, SLACK345, and LAUF69 using median filtering with window lengths of 3 to 
301 and angle thresholds of 0.1 to 3.0 degrees. 
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Figure 4.28: Contour plot of RankOutaged for generator outages at BOB69, 
ROGER69, BLT138, and BLT69 using median filtering with window lengths of 3 to 
301 and angle thresholds of 0.1 to 3.0 degrees. 

Because the median filter has only one parameter, the window length, there is no 

need to tune any additional parameters such as the cutoff frequency.  Figure 4.29 is 

presented to contrast the performance when median and FIR filtering are used.  

Comparing Figures 4.26 and 4.29, median filtering results in a RankOutaged value of 

one significantly more often than FIR filtering with 0.1 or 0.01 Hz cutoff frequencies.  
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Figure 4.29: A detailed look at ranking and detection of the JO345 generator outage 
using median filtering. 

4.2.2 Eighteen buses monitored 

The same placement of eighteen PMUs used in the single outage study was used 

to see how well the generator outage detection algorithm performs with sparser PMU 

deployment.  Figures 4.30 and 4.31 show the RankOutaged plots for the generator 

outages using this reduced PMU set with FIR filtering.   

 
Figure 4.30: Contour plots analogous to those in Figure 4.23 for FIR filtering with 18  
buses monitored instead of full bus monitoring. The WEBER69 outage is undetected 
and the LAUF69 outage has RankOutaged equal to one over the entire region, so 
these contours are not shown. 
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Figure 4.31: Contour plots analogous to those in Figure 4.24 for FIR filtering with 18 
buses monitored instead of full bus monitoring. 

As the number of monitored buses decreases, the set of angles which can signal 

the occurrence of an event is reduced.  This is why there are larger empty regions in 

the contours with only 18 buses monitored—some angle measurements needed to 

detect the line with higher values of τ  are no longer available.  On real systems, this 

knowledge of how a change in the set of monitored buses impacts the number of false 

negatives can help in deciding where to place PMUs on the system.  Finally, Figures 

4.32 and 4.33 show that median filtering results in a similar reduction in the ability to 

detect the outaged generators.   
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Figure 4.32: Contour plots analogous to those in Figure 4.27 for median filtering with 
18 buses monitored instead of full bus monitoring. The WEBER69 outage is 
undetected and the LAUF69 outage has RankOutaged equal to one over the entire 
region, so these contours are not shown. 

 
Figure 4.33: Contour plots analogous to those in Figure 4.28 for median filtering with 
18 buses monitored instead of full bus monitoring. 
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4.3 Double-Line Outage Examples 

4.3.1 All nonislanding double-line outages 

The same 37-bus system was used to test the performance of double-line outage 

detection.  A time domain simulation was run for each of the 1504 nonislanding 

double-line outages to see how well the algorithm detects double-line outages using 

the methods described in Section 3.4.   

4.3.1.1 All buses monitored 

The first PMU configuration considered is with PMUs monitoring every system 

bus.  The algorithm was run using filter lengths of 3, 9, 31, and 61 with FIR and 

median filtering using τ  values of 0.02, 1.83, 2.5, and 5.16 degrees.  These τ  values 

were chosen so that, for signals filtered with an FIR filter of order 31, 100%, 75%, 

50%, and 25% (respectively) of the outages were detected by at least one angle 

exceeding the threshold. 

Figure 4.34 shows in matrix form the RankOutaged value for each double-line 

outage on the system, with each row/column representing one of the 56 in-service 

lines.  The color of each square is used to indicate how the algorithm performed; red 

indicates a misranking (i.e., RankOutaged > 1) and green indicates correct ranking 

(i.e., RankOutaged = 1).  The blank squares represent single-line outages and double-

line outages that were not simulated due to islanding.  Of the 1504 total double-line 

outages considered, 1231 are ranked correctly and 273 are misranked; of these 273, 

255 involve the two lines between buses 18 and 37 and the three lines between buses 

15 and 54.  These lines correspond to the rows with high red density at the top of 

Figure 4.34.  Given the high R/X ratios of these lines, it is unsurprising that the 
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algorithm, which relies on the dc power flow equations, is unable to properly rank 

these outages.  Also, these were the same lines that caused problems for the single-

line outage detection (see Figure 4.2).  The only way to solve this problem would be 

to use the full ac power flow equations rather than the dc power flow equations when 

attempting to match outages with observed measurements; however, this would lead 

to significantly higher computational costs and require much more state information 

than is currently available in real power systems over a suitably wide area. 

 
Figure 4.34: Ranking of each line-line combination using FIR filter order 31, angle 
threshold of 0.02 degrees.  Green squares indicate double-line outages where 
RankOutaged = 1, red squares indicate RankOutaged > 1 (i.e., misclassification), and 
white squares indicate outages that were not tested. 

Fortunately, due to the small angle changes associated with the outages of the 

high R/X lines, many of the double outages involving lines 18-37 and 15-54 are 

undetected if τ  is set higher.  Figure 4.35 shows the RankOutaged matrix for the four 
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values of τ  used to test the algorithm, where black squares are used to indicate events 

that were not detected.  With the threshold set to 1.18 degrees, the number of 

misranked events involving the 18-37 and 15-54 lines drops from 255 to 100.  The 

undesirable side effect is that several outages which were ranked properly in the 

0.02τ = degree runs are no longer detected. 

 
Figure 4.35: Effect of angle threshold on event detection with 31-order FIR filtering; 
black squares represent outages that were undetected due to insufficient angle 
changes. 

Outside of the problems due to the 18-37 and 15-54 lines, there are still several 

instances where a double line outage is incorrectly identified.  Using the 0.02τ =
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degree results, there are 21 additional misranked outages.  Detailed information about 

these misranked outages is provided in Table 4.2, with the entries sorted by 

RankOutaged.  

Table 4.2: Misrankings that do not involve 18-37 or 15-54 using FIR filtering with a 
filter order of 31 and angle threshold of 0.02 degrees. 

From bus 
(line 1) 

To bus 
(line 1) 

Circuit 
ID  

(line 1) 
From bus 
(line 2) 

To Bus 
(line 2) 

Circuit 
ID 

(line 2) RankOutaged NADOutaged 
39 38 1 39 38 2 105 0.0165 
44 41 1 44 41 2 105 0.0137 
24 44 1 47 53 1 44 0.0151 
17 19 1 31 28 1 33 0.0549 
31 38 1 17 19 1 30 0.0270 
31 28 1 39 40 1 26 0.0205 
10 13 1 10 39 1 23 0.0193 
10 39 1 47 53 1 23 0.0212 
31 28 1 47 53 1 21 0.0173 
44 41 2 5 44 1 21 0.0129 
44 41 1 5 44 1 19 0.0208 
31 28 1 21 48 1 9 0.0062 
31 28 1 21 48 2 9 0.0353 
31 28 1 14 34 1 8 0.0162 
31 28 1 13 55 1 6 0.0197 
32 29 1 3 40 1 5 0.0571 
31 28 1 35 31 1 4 0.0201 
24 44 1 33 50 1 2 0.0209 
39 38 1 31 38 1 2 0.0336 
39 38 2 31 38 1 2 0.0200 
44 41 1 24 44 1 2 0.0227 

The two entries with the highest RankOutaged values in Table 4.2 correspond to 

the outage of parallel lines between buses 39 and 38 and between buses 44 and 41.  

To better understand what happens in the case of the outage of the two lines between 

buses 39 and 38, Figure 4.36 shows the observed angle changes due to the outage 

along with the best match in angle changes due to this event (i.e., 

* *
39 38,1 ,39 38,1 39 38,2 39 38,2calcP P− − − −+Δθ Δθ� �� �� �  as defined in (3.41)) and the best match in angle 
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changes due to the simultaneous outage of line 39-38, circuit 1, and line 39-47, circuit 

1 ( * *
39 38,1 ,39 38,1 39 47,1 39 47,1calcP P− − − −+Δθ Δθ� �� �� � ).   

 
Figure 4.36: A detailed look at the observed and event matching angle changes due to 
the outage of the parallel lines between buses 39 and 38.  

The predicted angle changes due to both the true outaged event and the top-

ranked event are very close, as shown in the figure.  In addition, the top-ranked event 

includes one of the parallel lines; in fact, in each of the 104 double-line outages which 

have lower NAD values than the true line outage, either line 39-38, circuit 1 or line 

39-38, circuit 2 is one of the two outages.  Because only one parameter is used to fit 
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parallel lines to observed angle changes (as discussed in Section 3.4.1), the extra 

degree of freedom when other lines are considered as possibilities allows the 

algorithm to more closely match the observed angles.  Restriction of the double-

outage event set to highly probable outages should help to mitigate this effect.  In 

addition, if the top 10 results were presented to an operator, the fact that one of the 

39-38 lines shows up in each entry would suggest that something has happened to one 

of those lines.   

The highest RankOutaged value for a nonparallel set of lines is the outage of 24-

44, circuit 1 and 47-53, circuit 1.  In this case, all of the double-line outages with NAD 

values less than the true event NAD value include line 24-44, circuit 1.  RankOutaged 

does not decrease as the filter order is increased to 61, indicating that the inability of 

the algorithm to recognize line 47-53, circuit 1 as the second outaged line is due to the 

mismatch between the dc power flow solution and the true system response to the 

outages.   

The double-line outages do not exhibit any of the problematic high amplitude, 

low-frequency oscillations which make filtering such a crucial component of 

generator outage detection.  Accordingly, the differences in results based on FIR and 

median filtering are minimal.  Table 4.3 contains a summary of the detection results 

for each combination of filter length and angle threshold mentioned at the beginning 

of this section.  The statistics based on FIR filtering are outside of parentheses, and 

the statistics based on median filtering are inside parentheses.  The similarity in the 

results for the two filtering methods, particularly as the filter length increases, is 
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further indication that failure in the dc power flow assumptions is the primary cause 

of incorrect ranking of events. 

Table 4.3: Summary of algorithm results for FIR (median) filtered angle 
measurements with complete bus monitoring. 

 

In summary, double-line outage detection is substantially more likely to generate 

misrankings due to the extra degree of freedom in choosing two, rather than one, pre-

outage flows to match expected angles to observed angles.  As a result, careful 

attention must be paid to how the double-outage event set is defined, not only to 

reduce the computational effort involved in searching through the events, but also to 

reduce the chances of misranking the true outage event.  Also, the choice of filtering 

method and filter length has only a slight impact on performance, as indicated in 

Table 4.3. 
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4.3.1.2 Eighteen buses monitored 

In addition to testing with PMUs at all buses, tests of the double-line detection 

algorithm were run with the 18 bus set defined in Section 4.1.1.2.  As with single-line 

outage detection, there are some special cases of double-line outages which deserve 

special consideration if some buses are unmonitored.   

The first case considered is where both outaged lines are in the unmonitored 

system and are connected to the remaining system through two boundary buses. Let 1l  

and 2l  denote the lines which are outaged.  Then, because the vectors used to 

minimize the difference in observed and expected angles are the same in the single- 

and double-line outage detection (see (3.8) and (3.36)), the change in angles on the 

monitored system must be colinear (i.e., 
1 2, ,, calc l calc lα α∃ =Δθ Δθ� � ).  As a result, the 

minimization of the difference between the observed and expected angles, (3.37), 

collapses to a one-dimensional minimization, 
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which has the following solution: 
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An additional equation would allow for determination of ,1lP��  and ,2lP�� , but the 

monitored system only “sees” the composite effect of the two outages, and it is 



 

 121

therefore not possible to determine ,1lP��  and ,2lP��  uniquely.  On the other hand, the 

outage event can still be ranked by comparing the expected and observed angle 

changes. 

Another interesting case is when one of the outaged lines connects an 

unmonitored portion of the system to a single bus within the monitored system.  As 

discussed in Section 4.1.1.2, the outage of a radial line connected to one boundary bus 

results in no angle changes on the monitored system (i.e., ,radial linecalc =Δθ 0� ).  

Referring to the boundary line as 2l , the following formulation of the angle matching 

minimization is obtained: 
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Because there are no angle changes associated with the boundary line 2l , the 

minimization reduces to a single-line outage detection problem for the other line.  If 

both lines are connected through only one bus to the monitored system, then both 

calcΔθ� vectors are zero and there is no way to identify the outage with the algorithm. 

Finally, there are instances in which two or more double-line outages are 

indistinguishable from one another even though the individual calcΔθ�  of each line are 

not collinear.  Just as in the single-line outage case indistinguishable lines resulted 

from there being only two buses connecting the monitored and unmonitored system, 

indistinguishable double-line outages occur when there are only three buses 

connecting the monitored and unmonitored system (see Figure 4.37). 



 

 122

 
Figure 4.37: Unmonitored system connected to monitored system through three 
boundary buses. 

  Two double-line outages are indistinguishable if the following condition is true: 

 
1, 1 2, 1 1, 2 2, 2, , , ,

, ; , ;

EV EV EV EVcalc l calc l calc l calc l

a b c d
a b c d

∀ ∈ ∃ ∈
Δ + Δ = Δ + Δθ θ θ θ

\ \
 (4.15) 

In (4.15), one double-line outage in the unmonitored system is referred to as EV1, and 

the other double-line outage is referred to as EV2.  The lines constituting the outage 

EV1 are 1, 1EVl  and 2, 1EVl ; similarly, 1, 2EVl  and 2, 2EVl  refer to the lines in the double-

outage event EV2.  If the relation in (4.15) is true, then when matching either event 

against the observed angle changes the same minimum difference will be obtained. 

To determine the cases under which (4.15) holds, first let 1
1

EVFΔ  be the change in 

flow on boundary line 1 due to EV1, with similar notation to designate the other 

boundary flows ( 1 1 2 2
2 3 1 2, , ,EV EV EV EVF F F FΔ Δ Δ Δ  and 2

3
EVFΔ ) depicted in Figure 4.37.  If 

no islanding results from the outages in the unmonitored system, then the bus power 
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injections in the unmonitored system will stay the same and the boundary flows must 

sum to zero for each outage: 

 1 2 3 0F F FΔ +Δ +Δ =  (4.16) 

As was done in 4.1.1.2, it can be shown that the ,calc lΔθ�  vector for the outage of any 

single line l in the unmonitored system can be determined by representing the changes 

in boundary flows as changes in injections at the boundary buses: 
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Combining (4.16) and (4.17), ,calc lΔθ�  can be expressed in terms of 1
lFΔ  and 2

lFΔ  by 

eliminating 3
lFΔ : 
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Equation (4.18) can then be simplified further to give ,calc lΔθ�  as the sum of two 

scalar-vector products: 
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Combining (4.19) with (4.15), the condition under which two double-line outages are 

indistinguishable can be restated in terms of the 1Δθ  and 2Δθ  vectors from (4.19): 
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One condition under which (4.20) is true is if the coefficients on the 1Δθ  and 2Δθ  

vectors match on both sides of the equation: 
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The inverse matrix in (4.21) exists if and only if the determinant is nonzero, i.e.,  
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The condition in (4.22) will be true if the line outages are distinguishable with respect 
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to the single-line outage detection algorithm (i.e., the angle change vectors associated 

with each line are not scalar multiples of one another).  If (4.22) is false, then the 

double outages EV1 and EV2 may still be indistinguishable, but for other reasons 

(e.g., if there are three lines in parallel).  If (4.22) is true, then (4.21) gives the unique 

values of c and d for each value of a and b that are needed to satisfy the criteria for 

indistinguishable double outages, (4.15).  Therefore, except for those double-outage 

events where condition (4.22) is violated, the double-line outages in the unmonitored 

system connected by three buses to the monitored system will not be distinguishable. 

Figure 4.38 shows a portion of the 37-bus system that, when monitored at the 18 

buses defined above, has 11 indistinguishable double-line outages.  The set of double-

line outages that are indistinguishable is provided in Table 4.4.  There are six lines 

within the unmonitored system, which are, using the notation (from bus number, to 

bus number, circuit ID), defined as: (35, 31, 1), (35, 56, 1), (56, 29, 1), (28, 29, 1), 

(28, 29, 2), and (31 ,28 ,1).  The indistinguishable double-outage set does not include 

four of the line combinations: {(29, 28, 1), (29, 28, 2)}, {(29, 28, 1), (31, 28, 1)}, 

{(29, 28, 2), (31, 28, 1)}, and {(35, 56, 1), (56,29,1)}.  What distinguishes these 

double-outage sets from the rest of the double-outage sets is that these sets involve 

two lines which have collinear ,calc lΔθ�  vectors.  As a result, the condition in (4.22) is 

not true and the condition for two double-line outages to be indistinguishable is not 

satisfied. 
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Figure 4.38: Portion of the 37-bus system that, when monitored with the 18 PMU set, 
has 11 indistinguishable double-line outages. 

Table 4.4: Indistinguishable double-line outages for the portion of the 37 bus system 
illustrated in Figure 4.38 

Line 1 
From bus 

Line 1
To bus

Line 1 
Circuit ID

Line 2 
From bus

Line 2
To bus

Line 2 
Circuit ID 

35 31 1 35 56 1 
28 29 1 35 31 1 
28 29 1 35 36 1 
28 29 1 56 29 1 
28 29 2 35 31 1 
28 29 2 35 36 1 
28 29 2 56 29 1 
31 28 1 35 31 1 
31 28 1 35 36 1 
31 28 1 56 29 1 
35 31 1 56 29 1 

Due to the complicating factors associated with having unmonitored buses, the 

algorithm uses several steps to ensure each possible double outage is properly handled 

when attempting to match the event with the observed angle changes.  Figure 4.39 

shows the process that is undertaken for each event that is detected.  The set of 

diamonds on the right-hand side of the figure constitute a cascaded classification 

system to determine how the double-line outage event should be modeled and fit to 

the observed angle changes. 
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Figure 4.39: Program flow for the double-line outage detection implementation, 
including cascading event classification 

To test the performance of the algorithm with the lower number of PMUs, filter 

lengths of 3, 9, 31, and 61 were used along with angle thresholds of 0.006, 0.71, 1.04, 

and 2.31 degrees.  These angle thresholds were chosen based on detecting 100%, 

75%, 50%, and 25% of the events using FIR filtering of length 31. 

The results based on FIR filtering are very similar to those results obtained with 

full PMU placement.  Figure 4.40 provides the RankOutaged matrix for FIR filtering 

of order 31 using the reduced PMU set.  Comparing this with Figure 4.35, the 
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performance of the algorithm with the reduced PMU set is very similar to using the 

full PMU set.  Also, the negative impact of the lines between buses 18 and 37 and the 

lines between buses 15 and 54 is clearly not mitigated by reducing the number of 

PMUs.  Figure 4.41 shows that the RankOutaged values also change very little when 

median filtering is used on the reduced PMU measurements. 

 
Figure 4.40: FIR filtered results, using a filter order of 31 and the set of 18 PMUs 
defined in Section 4.1.1.2. 
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Figure 4.41: Median filtered results, using a window length of 31 and the set of 18 
PMUs defined in Section 4.1.1.2. 

As with the single-line outage tests, the most significant difference between 

having a full PMU deployment and 18 PMUs is the number of events which are 

indistinguishable.  To quantify this effect, the SharedOutaged quantity defined in 

(4.10) is examined for the two different PMU deployments with 31-order FIR filtering 

and τ  set to the minimum needed to detect all events using the full PMU deployment.  

Figure 4.42 shows that the ability of the algorithm to differentiate between the true 

outage event and other events on the system is significantly impaired by a decrease in 

PMU deployment.  From an operational standpoint, higher SharedOutaged values 
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require listing 1SharedOutaged +  events rather than just listing one event, but this 

can still be useful information for operators if the results are visualized.   

 
Figure 4.42: Effect of reducing the PMU set on SharedOutaged with 31-order FIR 
filtering and τ  set to the minimum value needed to detect the maximum number of 
events. 

The black squares in Figure 4.42 designate double-line outages which were 

detected but not ranked.  This can only occur when calcΔθ�  is equal to 0  for one or 

both of the lines outaged.  If only one of the lines has calc =Δθ 0� , then (4.14) is 

applied, and if the necessary pre-outage flow on the other line is greater than 1.5 times 

the line rating, then the event is removed from consideration (as discussed at the end 

of Section 3.4.4) and not ranked.  If both calcΔθ�  vectors are 0 , then it is not possible 

to perform the minimization in (3.37) and the event is not ranked.   

4.3.2 All nonislanding double-line outages that share at least one 
terminal 

The results presented in Section 4.3.1 are based on the simultaneous, unforced 

outage of each pairwise combination of lines on the system.  In real power systems, 
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two lines are unlikely to go out simultaneously unless they are close to one another, 

which is the basis for the filtering mechanism described in Section 3.2.4.  To ascertain 

the performance of the algorithm for more realistic double-line outage events, 

additional tests were run using only those outages where at least one terminal bus is 

shared between the two lines.  The set of events E  tested to match with the observed 

angle changes was similarly restricted.  This restriction reduces the number of 

possible double line outage events from 1504 to 115. 

The algorithm was first tested with full PMU deployment using the same filter 

lengths and angle thresholds from Section 4.3.1.1.  A summary of the algorithm 

performance is provided in Table 4.5.  Comparing these results with those from Table 

4.3, there are significantly fewer misranked events.  Figure 4.43 shows the 

RankOutaged values for the full double-outage event set (left side) and the set of 

double outages where a terminal bus is shared (right side) using the same row/column 

ordering and color scheme as the figures in Section 4.3.1. The misranked double-line 

outages which share a terminal bus are still concentrated in the first few rows—11 of 

the 16 misranked outages include lines between buses 18-37 and 15-54.  As in the full 

event case, there are still problems with parallel line outages, although the 

RankOutaged value is reduced due to the smaller size of the event detection set E . 
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Table 4.5: Summary of algorithm results for FIR (median) filtered angle 
measurements with complete bus monitoring considering only double line outages 

where a terminal bus is shared 

 

 
Figure 4.43: RankOutaged results for FIR filtering with angle threshold of 0.02 
degrees, for the full double-outage set (left side) and the double outages which share a 
terminal bus (right side).  Red squares indicate where RankOutaged is greater than 
one and green squares indicate where RankOutaged equals 1.  White squares indicate 
events which were not considered. 

If the PMU coverage is reduced to 18 PMUs, the ranking of the events is not 

significantly impacted.  In addition, reducing the event set to only those double-line 
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outages that share a terminal bus reduces the increase in SharedOutaged.  Figure 4.44 

shows the change in SharedOutaged for each of the double-line outages as the PMU 

set is reduced to 18 PMUs.  Although there is a small increase in SharedOutaged 

values as the number of PMUs is reduced, the maximum SharedOutaged value is 4.  

This is much lower than the maximum SharedOutaged value of 14 which is obtained 

if all events are considered and 18 PMUs are used (shown in Figure 4.42). 

 
Figure 4.44: Effect of reducing the PMU set on SharedOutaged with 31-order FIR 
and τ  set to the minimum value needed to detect all events, with the event set 
restricted to those lines that share a terminal bus. 
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5 PHASOR MEASUREMENT UNIT PLACEMENT 
FOR EVENT DETECTION 

5.1 Overview 

If the goal of deploying additional PMUs is to improve event detection, then there 

are some key characteristics of a given set which must be considered: 

• Detection of events of interest 

• Proper ranking of detected events 

• Differentiation between events 

Optimized placement of PMUs requires two components: an objective function to 

maximize (or minimize) and a method of searching the space of PMU sets so that the 

objective function is maximized (or minimized).  The first section below deals with 

defining an objective function to meet certain criteria, while the second section 

provides details on simulated annealing (SA), the method used to search the set space.  

Finally, the third section presents some results showing how exhaustive search and 

SA perform in placing PMUs based on the objective functions.   

5.2 Objective Function Definition 

To evaluate each PMU placement set, an objective function must be defined 

which provides a numerical fitness value for each PMU set.  For the purposes of PMU 

placement, it is assumed that filtering is applied to the raw measurements such that 

the observed angle change vector is equal to the difference in steady state angles (i.e., 

all oscillations around the new steady state angles are completely attenuated).  To 

determine the observed angle change vector corresponding to each event, the 
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postevent angle after 20 s was subtracted from the original angle, with the 

measurements filtered using a 61-order FIR filter.  On the other hand, the angle 

threshold, which determines which events are detected by the algorithm, is allowed to 

vary so that the optimization function is maximized.  The objective functions below 

include τ  in their definition, and the impact of τ  on the objective function is 

discussed in each individual section. 

5.2.1 Objective 1: Maximize the number of correctly ranked events 

The simplest objective function is to evaluate the PMU set by maximizing the 

number of events that are detected and ranked correctly.  An optimization problem 

which would meet this objective is 
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 (5.1) 

where E  is the set of events used to evaluate the PMU placement.  Note that the set 

*PMUSet  can have several members, corresponding to several PMU placements 

which result in the same maximum value of the objective function.  In (5.1), the 

dependence of RankOutaged on the angle threshold is made explicit in determining 

RankOutaged and 1RankX .  Notice that if an event is undetected, it does not impact the 

objective function; as a result, this particular objective function does not penalize a 

particular PMU placement for resulting in misranked events.  Therefore, the inner 

maximization over τ  should always choose τ  equal to the minimum angle change 

over all angles for each event, since choosing a different τ  would reduce the number 
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of possible events where RankOutaged = 1.  The primary shortcomings of this 

objective function are the lack of a penalty for misranking of events and the lack of a 

penalty for having events which share the same rank. 

5.2.2 Objective 2: Maximize the number of correctly ranked events 
with no misranked events 

Building upon the first objective function, it is possible to define an objective 

function which penalizes a PMU placement if it results in misranked events.  One 

such optimization definition is 
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Once again, the dependence of RankOutaged on the angle threshold is made explicit 

in determining RankOutaged and NoMisrankX .  Unlike with the previous objective 

function, the optimal value of τ  for the inner maximization is not necessarily the 

minimum angle change.  Consider the case where there is an event (such as the outage 

of one of the 18-27 lines) that is misranked no matter how many angle measurements 

are taken due to failure of the dc power flow assumptions.  In this case, the only way 

to improve the objective function would be to stop detecting this event, which will be 

the case if τ  is set sufficiently high.  Therefore, the inner maximization must be 

explicitly calculated for this optimization problem.  Fortunately, this does not pose 

much of a computation burden due to the finite number of τ  values which impact the 
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results; in the worst case, the number of evaluations needed to exhaustively solve the 

inner maximization is equal to the number of events. 

This objective function is a significant improvement over the first, in that it 

explicitly accounts for the problem of misranking by removing from consideration 

any combination of PMU placement and τ  that would result in a misranked event.  

The number of events that share the same rank is still not accounted for, but this 

optimization provides a much better match with the objectives mentioned at the 

beginning of the chapter. 

5.2.3 Objective 3: Maximize the number of correctly ranked events 
with no misranked events and no events with the same rank 

Taking the optimization problem from the previous section one step further, it is 

also possible to remove any PMU set and threshold combination if it results in events 

that share the same rank.  The optimization to be solved in this case is: 
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 (5.3) 

This is a much more restrictive objective function, in that only events which are 

ranked one and have no other events sharing that rank count towards the objective 

function value for a particular PMU placement.  While this last objective function 
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meets each of the objectives stated in Section 5.1, not all instances of SharedOutaged 

greater than zero are problematic if visualization of the event detection is used to 

present the results (e.g., in the case of parallel lines).  As a result, this objective 

function may result in PMU placements which are poorer than other placements from 

a practical sense. 

5.3 Searching Methods 

5.3.1 Exhaustive search 

One method of determining the optimal placement of PMUs with respect to these 

objective functions is to perform an exhaustive search.  This can become 

computationally intractable, depending on how PMUSets is constructed.  If, for 

instance, PMUSets consists of all possible PMU combinations on an N-bus system, 

then the number of possible PMU configurations to evaluate is: 

 
( )1 1

!
! !

N N

n n

N NPMUSets
n n N n= =

⎛ ⎞
= =⎜ ⎟ −⎝ ⎠
∑ ∑  (5.4) 

Even if the number of PMUs to be placed is fixed, the size of PMUSets is likely to 

make exhaustive search computationally intractable.  For instance, placing 4 PMUs 

on a 37-bus system requires the search of a space that is of size 66 045.  If each 

evaluation of the objective function is carried out in 0.5 s, then it would still take 9 h 

to process the whole set of possible PMU combinations. In the results presented 

below, exhaustive search was only used for the placement of up to 6 PMUs due to the 

amount of time needed to perform exhaustive search.  The good thing about 

exhaustive search is that it is guaranteed to find the global optimal value of the 
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objective function and all PMU placements that attain this optimal value, unlike the 

simulated annealing method described in the next section. 

5.3.2 Simulated annealing 

An alternative method which has been used to perform large-scale combinatorial 

optimization in other PMU placement applications [18, 20] is simulated annealing 

(SA) [73].  This method is based on the properties of material annealing (heating and 

then gradual cooling), where atoms within a material will tend to reach a globally 

minimum energy state if the material is cooled slowly enough.  Leveraging this idea 

to perform optimization, the following algorithm is defined: 

1. Initialize the algorithm temperature and configuration: 

 ( )

0
0

initial

Initial

max Initial

max Initial

T T
PMUSet PMUSet
f ObjFunc PMUSet
PMUSet PMUSet
StallIterations
IterationsAtTemperature

←
←

←

←
←

←

 (5.5) 

2. Until exit condition is reached: 

a. While IterationsAtTemperature < NumIterationsAtTemperature and 

exit condition has not been met 

i. Evaluate a new PMU placement: 
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 (5.6) 

ii. Check for exit condition 

 
if 

exit algorithm
StallIterations StallIterationsMax=

 (5.7) 

iii. If exit condition has not been met, increment 

IterationsAtTemperature: 

 1IterationsAtTemperature IterationsAtTemperature← +  (5.8) 

b. Update the temperature and reset IterationsAtTemperature 

 
0.99

0
T T
IterationsAtTemperature
← ×

←
 (5.9) 

The algorithm parameters which have not been previously defined are as follows: 

• T, initialT : T is the current “temperature” in the optimization.  High 

temperatures correspond to hot materials in which the atoms or molecules can 

move around freely, whereas low temperatures correspond to cold materials 

where movement is restricted to those movements which will directly lower 

the energy of the system.  The key feature of simulated annealing is that it 

allows for suboptimal changes in the current PMUSet so that the algorithm 
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does not get stuck in local maxima, as would be the case using a pure hill-

climbing algorithm such as steepest ascent.  The mathematical model of this 

behavior is represented by the conditional acceptance of poorer PMU 

placements in (5.6) based on the Boltzmann distribution.  initialT , the initial 

value of the temperature, is chosen so that essentially any change in the PMU 

placement is accepted at the start of the algorithm.  For the results presented 

below, this was set to 10 times the minimum of P, the number of PMUs in the 

placement set, and N – P, the number of buses without PMUs. 

• IterationsAtTemperature, NumIterationsAtTemperature: The 

IterationsAtTemperature counter keeps track of how many PMUSet’s are 

tested at the current temperature.  After NumIterationsAtTemperature 

PMUSet’s have been tested at a given temperature, the temperature is 

adjusted.  Several iterations need to be run at each temperature to allow the 

current state of the system to settle into the probability distribution associated 

with a given temperature [73].  For the results presented below, 

NumIterationsAtTemperature was set to the minimum of P, the number of 

PMUs in the placement set, and N – P, the number of buses without PMUs. 

• InitialPMUSet : An initial guess at what the optimal PMU placement should be; 

for a finite number of PMUs, the only restriction is that the reference bus is 

within this set and that the cardinality of the set is the number of PMUs to be 

placed.  For the results presented below, this was set to include PMUs at the 
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referenced bus and P-1 other buses chosen at random, where P is the number 

of PMUs to be placed. 

• ObjFunc: One of the three objective functions defined in Section 5.2. 

• StallIterations: Keeps track of the number of iterations since the last increase 

in the objective function due to a new optimal PMU placement set. 

• StallIterationsMax: The maximum number of iterations allowed after the last 

increase in the objective function before the algorithm exits.  In generating the 

results presented below, this was set to 1000 times the minimum of P, the 

number of PMUs in the placement set, and N – P, the number of buses without 

PMUs.  The main purpose of setting this to a high number is to ensure the 

local maximum is attained as the temperature reaches low values. 

• ( )Neighbor PMUSet : A function which takes a PMU placement set and 

returns a new PMU placement set which is a variation on the previous set.  For 

the results presented below, this function randomly selects a PMU from a 

nonreference bus and moves it to an adjacent bus without a PMU, where two 

buses are adjacent if there is a line connecting the buses. 

• maxPMUSet , maxf : The best PMU placement set found at any point during the 

run of the algorithm, and the optimal objective function value associated with 

the best PMU placement set. 

• [ ]( )0,1Uniform : A sample from the uniform distribution with a lower bound 

of zero and upper bound of one. 
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Using these parameters, SA produces a PMU placement set maxPMUSet  which 

would ideally be equal to the true optimal *PMUSet .  There is no guarantee that the 

SA algorithm will reach the true optimal, but as shown in the results below the 

algorithm does a good job of finding an objective function maximum that is close to 

the true optimal while drastically reducing the amount of computation needed relative 

to exhaustive search. 

5.4 Results for Optimal PMU Placement to Detect Single-
Line Outages 

As mentioned in the beginning of Section 5.2, the impact of filtering can be 

neglected in the placement problem by first determining observedθΔ  for each outage 

using a high order filter of the simulated angles and calculating the changes in angles 

several seconds after the outage occurs.  Using these observedθΔ  values, RankOutaged, 

AboveThreshold, and SharedOutages are determined for a given PMU placement set 

PMUSet and angle threshold τ .  These quantities were evaluated using the methods 

described in Section 3.2 and then used to evaluate the objective functions defined in 

Section 5.2.  Exhaustive search was used for the placement of three and six PMUs, 

and SA was used for placement of 3, 6, 9, 18, and 27 PMUs.  SA was run three times 

for each PMU placement problem, and the best result is reported below.  The 

computation time given in the results tables for SA includes all three runs of SA. 
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5.4.1 Three PMUs placed by exhaustive search and simulated 
annealing 

The first set of results looks at the optimal placement of three PMUs on the 

system with each objective function using both exhaustive search and simulated 

annealing.  The total number of possible PMU placements for three PMUs is 630.  

Table 5.1: Placement of three PMUs using exhaustive search and SA 

Objective 
function 

Search 
method 

Highest 
objective 

function value

Corresponding 
PMUSet(s) 

Time taken to 
perform 

optimization 
(seconds) 

1RankObjFunc  Exhaustive 40 {18, 31, 37} 1.31 

1RankObjFunc  SA 40 {18, 31, 37} 42.71 

NoMisrankObjFunc  Exhaustive 15 {1, 9, 31} 1.29 

NoMisrankObjFunc  SA 14 {12, 31, 32} 42.03 

NoSharedObjFunc  Exhaustive 3 

{1, 13, 31} 
{1, 28, 31} 
{1, 38, 31} 
{5, 13, 31} 
{13, 18, 31} 
{13, 21, 31} 
{13, 28, 31} 
{13, 37, 31} 
{13, 38, 31} 
{13, 48, 31} 
{17, 38, 31} 
{19, 38, 31} 
{21, 38, 31} 
{28, 30, 31} 
{28, 33, 31} 
{38, 48, 31} 

1.58 

NoSharedObjFunc  SA 3 
{13, 31, 37} 
{13, 31, 48} 
{17, 31, 38} 

43.31 

As seen in Table 5.1, for the 1RankObjFunc  objective function both SA and 

exhaustive search determine the global optimal of {18, 31, 37} which results in 40 

outages being ranked correctly.  The time taken to perform the optimization is much 

lower for exhaustive search in this case due to the small number of possible 

configurations for a 37-bus case.  The results for the other two objective functions are 
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also shown in Table 5.1; the SA results are slightly suboptimal for one of the 

objective functions, NoMisrankObjFunc , and the time to perform the optimization is 

significantly higher, indicating that for very small PMU deployments on this system 

simulated annealing is not as efficient as exhaustive search.  Also noteworthy is the 

large number of PMU placements that optimize the NoSharedObjFunc  objective 

function.  Because so many of the PMU sets optimize this objective, SA can easily 

find optimal PMU placements, and this is reflected in the fact that all three runs of SA 

result in optimal PMU placements.  The NoSharedObjFunc  results also illustrate a key 

shortcoming of SA—namely, that it does not provide an exhaustive list of optimizing 

placement sets, whereas exhaustive search does. 

5.4.2 Six PMUs placed by exhaustive search and simulated annealing 

Next, the placement of six PMUs on the system is examined using both 

exhaustive search and simulated annealing.  Placing six PMUs pushes the bounds of 

how many PMUs can be placed in a reasonable amount of time with exhaustive 

search; doing the same search for seven PMUs would take approximately four times 

longer, resulting in search times on the order of hours rather than minutes.  Going 

beyond seven PMUs would require days of computation if exhaustive search were 

used. 

The results shown in Table 5.2 illustrate the difference in computation time for 

SA relative to exhaustive search—there is a roughly fivefold decrease in computation 

time.  This shows that SA scales much better with the number of PMUs to be placed 

than exhaustive search does.  In addition, SA has many more parameters which can be 
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tweaked, particularly the exit condition StallIterationsMax, which can be modified to 

reduce this computational time. 

Table 5.2: Placement of six PMUs using exhaustive search and SA 

Objective 
function 

Search 
method 

Highest 
objective 
function 

value 

Corresponding 
PMUSet(s) 

Time taken to 
perform 

optimization 
(seconds) 

1RankObjFunc  Exhaustive 49 {1,3,5,21,55,31} 589.95 

1RankObjFunc  SA 46 {3,5,10,21,31,54} 
{13,21,24,31,34,37} 98.04 

NoMisrankObjFunc  Exhaustive 31 {10,15,21,48,56,31} 620.55 

NoMisrankObjFunc  SA 21 {12,24,28,30,31,40} 90.03 

NoSharedObjFunc  Exhaustive 9 
{1,21,24,28,38,31} 
{1,24,28,38,48,31} 
{1,24,28,38,53,31} 

710.72 

NoSharedObjFunc  SA 8 {19,28,30,31,38,48} 118.15 

Table 5.2 also showcases the other main issue in using an approximate optimizer 

such as simulated annealing—the SA result is suboptimal for all three objective 

functions, and is significantly suboptimal for the NoMisrankObjFunc  objective function. 

One possible reason for this behavior is that the objective function has infinitely steep 

derivatives in the presence of misranked events.  This can prevent the SA algorithm 

from transitioning between configurations, particularly as the temperature gets low 

and the algorithm stops allowing suboptimal transitions.  One solution would be to 

reformulate the objective function so that the penalty for having misranked events is 

less than infinity, although the choice of penalty would have to be tailored to each 

system and event set in order to continue avoiding misranking.  Another option would 

be to try additional combinatorial optimization methods (e.g., genetic algorithms [74], 

particle swarm [75], or a hybrid of several methods as in [76]).  Ultimately, there is no 
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way to avoid the fact that with an extremely large search space tradeoffs must be 

made between computational effort and optimality. 

5.4.3 Higher numbers of PMUs placed by simulated annealing 

The final set of results illustrate the performance of SA for the placement of 

PMUs in which exhaustive search is computationally infeasible.  SA was run once for 

each combination of objective function and number of PMUs P.  The results of these 

runs are given in Table 5.3.  The steady increase in optimal values of the three 

objective functions indicates that SA is finding better PMU placements as the number 

of PMUs increases.  This fits well with the results from Section 4.1.1.2, where the 

reduction in PMUs from 37 to 18 led to slightly poorer rankings and more events with 

nonzero SharedOutaged values.  Moreover, these results show that if 27 PMUs are 

placed on this system, there exists a PMU placement and angle threshold such that 51 

of the 56 events are correctly detected without any misrankings.  This confirms the 

usefulness of the single-outage detection algorithm for reduced PMU placements, 

particularly if misranking is to be minimized.  Also, although these results are based 

on the dynamic simulations with the initial conditions given in 0, running SA with 

different system configurations (e.g., summer peak, winter peak, midday, midnight, 

etc.) would be feasible due to the small amount of time needed to perform the search.  

On the other hand, testing a wide variety of system configurations would be 

prohibitively expensive from a computation standpoint if a more exhaustive search 

approach is used. 
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Table 5.3: Placement of 9, 18, and 27 PMUs by simulated annealing 

Objective 
function 

Number of 
PMUs (P) 

Highest 
objective 
function 

value 

Time taken to 
perform 

optimization 
(seconds) 

1RankObjFunc  9 47 65.33 

NoMisrankObjFunc  9 26 56.41 

NoSharedObjFunc  9 11 55.74 

1RankObjFunc  18 52 148.76 

NoMisrankObjFunc  18 38 121.96 

NoSharedObjFunc  18 24 172.83 

1RankObjFunc  27 54 76.52 

NoMisrankObjFunc  27 51 62.87 

NoSharedObjFunc  27 37 84.99 
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6 GPU-BASED VISUALIZATION OF PMU DATA 

6.1 Overview 

The high data rate of phasor measurement units requires sufficiently fast 

rendering if real-time visualization is to be achieved.  Graphical processing units 

(GPUs) have shown remarkable progress in the past decade, providing unprecedented 

computational power and programmability for advanced graphics applications.  The 

use of GPUs to render PMU data is a natural fit between the high data rate of PMUs 

and the high rendering rate of GPU-based visualization algorithms.  Accordingly, two 

applications have been developed and are presented in the remainder of this chapter.  

The first section considers how one of the more common visualization techniques, bus 

data contouring, can be significantly accelerated by using GPU rendering.  The 

second section discusses some additional processing of the data that can make the 

data visualization more content-rich.  Analysis of these techniques shows how 

combining cutting-edge visualization techniques with cutting-edge measurement 

techniques can provide significant improvements in situational awareness. 

6.2 Implementation of Contouring on the GPU 

6.2.1 Introduction to contouring on the GPU 

Based on the recommendations of the August 2003 blackout report [1], a heavy 

emphasis has been placed on improving situational awareness in control centers 

around the world.  One visualization technique which has been used to increase 

situational awareness has been contouring [40].  This technique, also known as 

scattered data interpolation (see [77] for a survey of the state-of-the-art), aims to 
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provide a weather-map-like visualization of the power grid, showing various bus- or 

substation-based data throughout an area of interest.  This type of visualization has 

been used in many different fields, e.g., meteorology [78] and medical imagery [79], 

and its usefulness has been demonstrated for power system applications through 

human factors testing [42]. 

One key similarity between the methods used to generate power system contours 

in the past has been a reliance on the CPU to do the necessary contour calculations.  

CPUs, which are optimized for general purpose computing, are not well-suited for the 

parallel calculations that are inherent in some contouring algorithms.  Several 

incremental improvements have been made, but CPU-based contouring is 

fundamentally constrained by the serial nature of CPU program execution.  On the 

other hand, graphics processing units (GPUs), which are present in most modern 

computer systems, are ideally suited to the computations needed to generate contours 

because of the parallel nature of GPU program execution.  Furthermore, some work 

has already been done in demonstrating the effectiveness of using GPUs to perform 

real-time interpolation of three- and four-dimensional data [48].  This work suggests 

that there is a potentially large benefit to using GPUs in two-dimensional power 

system contours. 

In order to investigate the possible performance gains of using GPU- rather than 

CPU-based contouring for power system visualizations, a prototype GPU-based 

contouring algorithm has been developed.  The remainder of this chapter discusses 

this work, and is divided into several sections.  Section 6.2.2 provides a brief 



 

 151

overview of the contouring problem.  Section 6.2.3 discusses some of the fundamental 

aspects of GPU programming, while Section 6.2.4 provides the algorithm and 

implementation details.  Section 6.2.5 provides some performance results for 

contouring a real power system area as parameters such as influence radius and 

contour resolution are varied.  Section 6.2.6 discusses some of the key advantages and 

disadvantages of moving contouring to the GPU, and Section 6.3 details several 

benefits and potential applications of GPU-based contouring. 

6.2.2 Contouring background 

Formally, the purpose of contouring (or scattered data interpolation) in the power 

system context is to find a function ( ),F x y such that for each bus k , located at 

position ( ),k kx y , 

 ( ),k k kF x y f=  (6.1) 

where kf  is the value to be contoured (e.g., voltage), known to be a specific value at 

each bus k .  This value is typically obtained from a state estimator or directly from a 

measurement device such as a PMU.  There are an infinite number of possible 

functions that can satisfy this constraint, so additional restrictions are useful in 

reducing the set of possible functions.  One additional constraint imposed on F  in 

this application is that F  must be “smooth,” i.e., continuous and once differentiable 

[80]. 

While there are many different methods which can be used to determine the 

contouring function F  (see [77]), this work focuses on inverse distance weighted 

methods due to their intuitive nature and ease of parallelization.  The intuition behind 
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inverse distance weighted methods is that the function value at any point should be 

the weighted average of all points with known values.  In this method of contouring, 

the function F  is defined as follows: 
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where ( ),kw x y  is known as the weighting function.  The weighting function first 

proposed for this scheme, which gives rise to the contouring algorithm known as 

Shepherd’s method [81], is 
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This weighting function gives a nonzero value of ( ),kw x y  for all values of x  and y .  

Because each bus k  has a nonzero contribution to every point on the screen, using the 

weighting function of Equation (6.3) is characterized as a global contouring 

algorithm. 

Global methods such as Shepherd’s method are computationally burdensome due 

to the need to consider each bus’s contribution at each pixel on the screen.  As a 

result, several local methods have been proposed in the literature [80].  For the 

implementation of contouring on the GPU, the local weighting function developed by 

Franke and Little is used: 
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where kd  is defined in (6.3).  For this local weighting function, only pixels within a 

distance R  of bus k  will be affected by the value kf .  This weighting function also 

maintains continuity and first-order differentiability of the interpolating function F  

[82] and reduces to the weighting function of (6.3) as R →∞ . 

 
Figure 6.1: The GPU rendering pipeline. 

6.2.3 GPU Programming [83] 

6.2.3.1 The rendering pipeline 

GPU programming is significantly different from CPU programming, and this 

must be taken into account when adapting any algorithm for GPU implementation.  

The basic GPU pipeline, illustrated in Figure 6.1, was originally constructed to 

efficiently render polygons, lines, and points to a graphical display.  The basic steps in 

the GPU rendering pipeline are [83] as follows: 

1. Polygon vertex coordinates, viewable area definitions, color values, texture 

coordinates, and textures are sent to the GPU via OpenGL calls from the CPU. 
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2. The vertex processor transforms coordinates defined via function calls from 

the CPU in step 1 into coordinates relative to the display.  Also, vertices are 

grouped into primitives (points, lines, and triangles) for the later stages of the 

pipeline. 

3. The Cull / Clip / Setup stage takes the primitives that are output from the 

vertex processor and removes unviewable objects.  Also, any primitives that 

are only partially inside the viewable area are clipped. 

4. The rasterization stage determines which fragments are covered by each 

primitive.  Fragments are the rasterized pieces of the polygon and correspond 

to a single pixel of the final output.  Also, per-vertex values such as colors and 

texture coordinates are linearly interpolated across each primitive and assigned 

to each enclosed fragment. 

5. The fragment processor runs on each fragment, performing texture lookups 

and determining the final color that the fragment will be.  For this contour 

implementation, two nondefault fragment processors are used to change the 

behavior of this step. 

6. Once fragment colors have been assigned by the fragment processor, several 

tests (e.g., stencil and z-compare) are run on the fragments to see if they 

should be discarded.  If the pixel passes all tests, then it is blended with the 

current framebuffer entry at its location and the final pixel value is written to 

the framebuffer.  This write to the framebuffer is the final stage of the 

OpenGL pipeline.  For traditional graphics applications, the framebuffer 
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represents the pixels on the current video display.  Framebuffer objects 

(FBOs) make it possible to draw into a texture in video memory rather than 

directly to the video display [84].  This texture can then be read back on a 

subsequent rendering pass.  This technique is used in the GPU-based 

contouring implementation, as discussed below. 

6.2.3.2 Important fragment processor characteristics 

Two of the programmable units on the GPU are the vertex processor and the 

fragment processor, which allow for custom processing of vertices and fragments in 

stages 2 and 5 of the graphics pipeline.  The default vertex processor is used in the 

contouring implementation, so it is not discussed any further.  On the other hand, two 

custom fragment processors are used for contour generation. 

One important aspect of fragment processor programming is that there can be 

fragments at different stages of the pipeline at any given time.  As a result, the 

fragment processor is not allowed to write to any locations in video memory except 

for the framebuffer at the end of stage 5.  Otherwise, each fragment might have to 

wait for another fragment to complete its processing before it can be sent out to the 

framebuffer.  In other words, if the framebuffer is conceptualized as an array of bytes, 

then the fragment processor can only output data to one particular array index in the 

framebuffer, and this array index cannot be changed from within the fragment 

processor.  Although it cannot write directly to texture memory, the fragment 

processor is capable of reading directly from texture memory; in fact, this is how 

traditional polygonal texturing is performed for graphics applications.  Because of 
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these features, it is helpful to think of a fragment processor as having a large set of 

memory addresses it can read from, and only one memory address it can write to, with 

no overlap between these address spaces.  This is fundamentally different from CPU 

programs, where programs routinely read and write to the same memory address. 

Although fragment processors must be programmed with a restrictive set of 

operations, particularly when it comes to memory reads and writes, their sheer 

processing power makes them ideal for speeding up computations that can be 

performed in parallel.  For instance, modern GPUs such as the NVIDIA GeForce 7-

series used in these experiments are capable of performing over 165 billion floating 

point operations per second (gigaflops or Gflops), whereas a CPU of the same 

generation, such as a dual-core Pentium 4, is only capable of around 24.6 Gflops [45].  

More advanced chips, such as the recently released GeForce 8800 GTX, have 

theoretical processing speeds in excess of 500 Gflops.  For cases where the GPU can 

be run near its processing limits, this difference in processing power allows GPUs to 

easily outperform CPUs. 

There are two key issues involved in fully taking advantage of the GPU’s 

computational power.  First, memory reads should be performed as sequentially as 

possible in order to take advantage of hardware caches built into the GPU.  The GPU 

contouring implementation is designed to ensure coherent texture reads by making all 

reads from rectangular textures, where each texel is accessed in a sequential fashion 

from the top-left to the bottom-right.  The other key issue in programming for the 

GPU is to use algorithms which are computationally limited (as opposed to I/O 
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limited).  Contouring algorithms clearly fall into this category, as the bulk of the time 

spent in creating a contour is based on the need to evaluate (6.4) for each pixel within 

the influence region of each bus.  Also, because the processing elements of the GPU 

work in parallel, defining the algorithm using for/next loops allows for simple 

implementation as a fragment processor program. 

6.2.4 Algorithm definition and implementation details 

6.2.4.1 Definition of the contouring algorithm 

Based on Equations (6.2) and (6.4), one definition of the contouring algorithm 

which is well-suited for GPU implementation is as follows: 

1. For each point ( ),x y  

1.1. ( ), 0N x y ←  

1.2. ( ), 0D x y ←  

1.3. ( ), 0F x y ←  

2. For each bus k  

2.1. For each point ( ),x y  such that ( ), , 0k FLw x y ≥  

2.1.1. ( ) ( ) ( ),, , ,k FL kN x y N x y w x y f← +  

2.1.2. ( ) ( ) ( ),, , ,k FLD x y D x y w x y← +  

3. For each point ( ),x y  such that ( ), 0D x y >  

3.1. ( ) ( )
( )

,
,

,
N x y

F x y
D x y

=  

4. For display to the screen, each value of F is mapped to a color as discussed in 

[40] and stored as the color value for point ( ),x y . 
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Table 6.1: Algorithm implementation on the CPU and the GPU 

Algorithm 
Steps CPU Implementation GPU Implementation 

1 
Allocate space for N 
and D in main system 
memory. 

Allocate space for AccumTexture and 
ContourTexture on the GPU. 

2 

For each bus, calculate 
and store the numerator 
and denominator values 
within each bus’s 
influence region. 

Draw a circle of radius R around each bus 
with the video output redirected to 
AccumTexture. Use a custom fragment 
shader to calculate and store the N values in 
the red channel and the D values in the green 
channel.  Use additive blending to perform 
accumulation as each bus is drawn. 

3 

Iterate through each 
element in the N and D 
arrays and divide the 
numerator by the 
denominator.  Look up 
the corresponding color 
in the color map and 
write this color to a 
bitmap. 

Draw a rectangle of size Res with its texture 
set to AccumTexture and the video output 
redirected to ContourTexture.  Using a 
custom fragment shader, divide the red 
channel values of AccumTexture by the green 
channel values.  For each pixel, look up the 
corresponding color in the color map and 
write this color to ContourTexture. 

Each of the algorithm steps given above can be translated into a set of 

instructions on the CPU or GPU, as shown in Table 6.1.  For the GPU 

implementation, the C programming language was used with the GLUT library [85] 

for OpenGL programming and the Cg language was used for fragment processor 

programming [86].  The implementation of the algorithm was split into three stages, 

explained in detail below. 

6.2.4.2 Implementation step 1—allocation of textures and framebuffer objects 

To begin, texture memory is allocated for two textures: AccumTexture  and 

ContourTexture .  AccumTexture  is created as a GL_RGBA16F_ARB formatted 

texture, which allocates four components (red, green, blue, and alpha) for each texel.  

Each component stores an IEEE-formatted 16-bit floating point value.  

ContourTexture  is allocated as a standard 32-bit texture containing 8-bit red, green, 
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blue, and alpha components for each texel.  AccumTexture  stores ( ),N x y  in its red 

channel and ( ),D x y  in its green channel.  ContourTexture  stores the finished, color-

mapped contour as a texture which can then be rendered to the display.  Both textures 

are created with the same dimensions, denoted as Res .  This size is the resolution of 

the contour to be created (e.g., if a contour is to be created which exactly fits into a 

640 480×  window, then the two textures will have dimensions 640 480× ).  Because 

the algorithm requires rendering to these textures rather than simply reading from 

them, a framebuffer object is created that allows the GPU to write to the textures [84].  

The framebuffer objects used to write to each texture are named AccumFBO  and 

ContourFBO.  The allocation of texture memory occurs only when the desired 

contour resolution changes (typically when a window is resized), which reduces the 

amount of time spent allocating memory on the GPU. 

6.2.4.3 Implementation step 2—accumulation of the numerator and 
denominator values for each pixel 

Once the textures are allocated, AccumFBO  is set as the output framebuffer for 

the GPU.  By setting AccumFBO  as the output location, all pixels drawn by the GPU 

are sent to AccumTexture  rather than the video display.  After AccumFBO  is 

attached, glClear() is called, which performs steps 1.1 and 1.2 of the algorithm by 

clearing the red and green channels of AccumTexture.  Next, a custom fragment 

processor is bound to the GPU that takes as arguments the position of the bus that is 

currently being drawn, ( ),k kx y , and writes out the values ( ), ,k FL kw x y f  to the red 

channel and ( ), ,k FLw x y  to the green channel.  The final setup step is to enable 

additive blending on the GPU, which performs the assignment and sum operations 
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needed in steps 2.1.1 and 2.1.2 of the algorithm.  Once all the setup operations are 

completed, for each bus k , a circle of radius R  is drawn around the point ( ),k kx y .  

After this has been done for each bus in the system, the red channel of AccumTexture  

contains ( ),N x y  and the green channel contains ( ),D x y  for all points in the 

contour. 

6.2.4.4 Implementation step 3—evaluation of the interpolating function and 
color mapping 

For the next step in the contouring process, ContourFBO  is attached as the 

render target for the GPU.  A call to glClear() is then made to execute step 1.3 of the 

algorithm.  Next, AccumTexture  is set as the current texture to be read within the 

fragment processor of the GPU.  A custom fragment program is then bound to the 

GPU which performs steps 3.1 and 3.2.  Finally, a rectangle of size Res is drawn with 

texture coordinates assigned so that each point in AccumTexture  corresponds to one 

output pixel.  Once this draw operation has completed, ContourTexture  contains the 

color-mapped contour.  This texture can then be drawn to the screen by binding 

ContourTexture  as the current texture and rendering an appropriately sized rectangle 

using the default fragment processor. 

6.2.5 GPU-based contouring algorithm performance results 

For the results given below, the test system used consisted of an AMD Athlon 64 

X2 Dual Core 3800+ CPU with an NVIDIA GeForce 7600 GT GPU.  Timings for the 

GPU algorithm were determined using the high-resolution Windows performance 

counter [87], with an average taken over 100 contour renderings. 
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Figure 6.2: One-line diagram of contour area. 

The power system one-line diagram used as the basis for the results and figures 

shown below is provided in Figure 6.2.  The number of buses that influence the 

contour area ranges from 199 (for an influence radius of 1) to 818 (for an influence 

radius of 400).  The data that is contoured is the per unit voltage level at each bus.  

The color map used to convert voltage levels to colors is shown in Figure 6.3. 

 
Figure 6.3: Contour color map relating per unit voltage to displayed color. 

6.2.5.1 The effect of changes in Res  

There are two key parameters which affect the performance of the contouring 

algorithm.  The first of these parameters, Res, controls how large a contour image to 

create.  For the highest-quality contour, Res  should be set to the same size as the 

screen area the contour covers upon final rendering to the video display.  However, 
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reducing Res  to a smaller value results in a decrease in rendering time; therefore, a 

tradeoff must sometimes be made between contour resolution and rendering speed.  

To explore the effects of varying Res, the system was contoured with several different 

resolution levels.  In these tests, R, the radius of influence, was held at a constant 

value of 100.  Figure 6.4 shows an example contour rendering with Res  set to 

1024 768× . 

 
Figure 6.4: Contour rendering with resolution set to 1024x768, radius of influence set 
to 100. 

Table 6.2 shows the timing results obtained for various contour resolutions.  In 

order to gauge the performance of the algorithm in a typical control room setting, 

resolutions were chosen which are commonly used in both projection and 

conventional video displays.   
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Table 6.2: Timings for seven contour resolutions with the influence radius set to 100 

Res   

Width Height Common Name Time to render a contour (seconds) 
3840 2400 WQUXGA 0.938 
1920 1200 WUXGA 0.249 
1600 1200 UXGA 0.208 
1280 1024 XGA+ 0.150 
1024 768 XGA 0.100 
800 600 SVGA 0.066 
640 480 VGA 0.050 

 
Figure 6.5: Effect of contour resolution on contour rendering times. 

Figure 6.5 illustrates the effect on rendering time as the contour resolution is 

varied.  The x-axis is the number of megapixels associated with each tested 

resolution, and the y-axis is the amount of time it takes to render one contour.  The 

linear relationship between resolution and rendering time indicates that the time 

required to render a particular contour is on the order of the number of pixels in the 

contour.  The fact that this linear relationship holds for resolutions ranging from 
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640 480× all the way up to 3840 2400× indicates that the algorithm does not suffer 

from scalability issues. 

It is also worthwhile to consider the visual impact of changing the contour 

resolution.  For a given screen size ScreenRes , the highest quality contour would be 

obtained by setting ScreenRes Res= , assuming the contour takes up the entire screen 

display.  However, by setting ScreenRes Res< , the speed at which the contour is 

rendered can be greatly accelerated.  In addition, rendering the contour at a lower 

resolution is not necessarily noticeable.  Finally, the usage of advanced texture 

filtering methods can also help to improve the rendered quality of a lower resolution 

contour. 

6.2.5.2 The effect of changes in R  

The other key parameter which affects contour accuracy and rendering speed is 

the radius of influence, R .  Because a circle of radius R  is drawn around each bus 

(i.e., each bus affects a locus of points of radius R  around its location), the contour 

rendering time should scale in proportion to the area of the circle drawn around each 

bus, i.e., quadratically in R .  However, for a contour with a finite area, this 

relationship does not always hold. 

Figure 6.6 illustrates a simple three-bus contouring example where the 

relationship between R  and the number of processed fragments is not quadratic.  The 

left side of the figure shows the case where the circles of radius 1R  drawn around 

buses 1 and 2 fit entirely within the contour area, whereas the circle around bus 3 is 

entirely outside the contour area.  Because the circle drawn around bus 3 does not 
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intersect the contour area, there is no need to draw the circle around bus 3.  On the 

right side of the figure, as the radius is increased to 2R , the circles surrounding all 

three buses are partially inside of the contour area.  In this case, a circle is drawn 

around each bus, but the GPU clips away the portions of each circle that lie outside 

the contour area before the fragment processor stage [83].  As a result, steps 2.1.1 and 

2.1.2 of the algorithm are skipped for the darkened areas of each circle.  Based on 

Figure 6.6, it is clear that linear increase in the influence radius will cause a quadratic 

increase in computation time only if the set of buses influencing the contour area does 

not change and all bus influence regions are entirely enclosed in the contour area.  

Otherwise, the increase in computation time is dependent on the characteristics of the 

area being contoured and the distribution of the influencing buses. 

 
Figure 6.6: Effect of fragment culling on radius of influence effects. 

To examine the effect of changing the influence radius, several timing 

measurements were taken with a fixed contour resolution of 1024×768 while R  was 



 

varied from 1 to 400.  The results of these tests are given in Table 6.3.  In addition, 

Figure 6.7 illustrates the complex relationship between the radius of influence and the 

time to construct a single contour. 

Table 6.3: Timing results for several values of influence radius with a constant 
contour resolution of 1024×768 

R  

Number of 
buses 

influencing the 
contour area 

Time to render a 
contour (seconds) 

1 199 0.0225 
5 206 0.0227 
10 221 0.0229 
25 274 0.0249 
50 367 0.0361 
75 438 0.0665 
100 485 0.1001 
125 514 0.1331 
150 580 0.1838 
200 653 0.2669 
300 753 0.4251 
400 818 0.4994 

 
Figure 6.7: Effect of influence radius on contour rendering time with contour 
resolution set to 1024×768. 
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For the first few values of influence radius—1, 5, and 10—the time to render a 

contour is basically constant.  This indicates that for very low influence radii, the time 

spent rendering a contour is based more on other factors (such as the texture lookups, 

OpenGL calls, etc.) than on the processing time needed to construct the contour.  As 

the influence radius increases to values between 10 and 150, a quadratic relationship 

is evident.  For radii greater than 150, a much more complicated relationship is 

demonstrated that confirms the behavior discussed above and illustrated in Figure 6.6.   

As with the other tunable parameter Res, there is a tradeoff between how large of 

an influence radius is used and how fast the contours are rendered.  In general, the 

proper choice of R  will be dependent on many factors, including the density of buses 

within the power system under study.  In fact, this is one justification for the usage of 

dynamic influence regions when contouring power system data, as discussed in [44]. 

To illustrate the visual impact of changing the influence radius, Figure 6.8 shows 

how reducing the influence radius from 100 to 25 affects the contour shown in Figure 

6.4.  In Figure 6.8, it is very easy to distinguish the circles that surround each bus, and 

the silhouette of the contour is a series of arc segments, typical for contours with 

relatively low influence radii.  On the other hand, in Figure 6.4, a much smoother 

contour is shown with no obvious circles present.  Ultimately, the individual using the 

contour must decide which value of R  provides a good representation of the 

underlying data without sacrificing too much in terms of rendering speed. 



 

 168

 
Figure 6.8: Contour rendering with resolution set to 1024×768, radius of influence set 
to 25. 

6.2.6 Advantages and disadvantages of GPU-based contouring 
versus CPU-based contouring 

Because implementation of a GPU-based contouring algorithm can require 

significant expenditure of time and resources, it must be justified as an alternative to 

current CPU-based contouring methods.  The greatest benefit of moving contouring to 

the GPU is the decrease in rendering time for contours.  For example, contouring the 

power system area in Figure 6.2 using a resolution of 640×640, with a radius of 

influence of 150, the GPU-based contour takes 0.102 s to render.  Rendering the same 

contour using the CPU (with the method outlined in [44]) takes 5.10 s. 

The rendering speeds of CPU-based contouring methods are significantly slower 

than GPU-based methods for several reasons.  First, CPUs are designed to process 

instructions in a serial fashion, rather than for parallel operations.  GPUs, on the other 
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hand, have always been built to process multiple vertices and fragments in parallel to 

quickly render polygons to the screen.  For instance, the NVIDIA GeForce 7600 GT 

GPU used in the above tests has 12 fragment processors, each capable of performing 

steps 2.1.1 and 2.1.2 of the algorithm independently.  On a CPU, each of these 

operations must be performed serially.  Secondly, modern CPUs typically have a 6.4-

GB/s memory bandwidth, whereas modern GPUs have memory bandwidths of 32 

GB/s and higher [83].  As a result, reading and writing to memory locations can occur 

at a much faster rate on the GPU.  Finally, the clipping operations built into GPUs are 

able to efficiently exclude calculations that do not influence the contour plot (e.g., 

calculations on the shaded pixels in Figure 6.6).  On the other hand, when using a 

CPU to perform contouring, the effects of clipping at the contour boundaries must be 

explicitly calculated.  Another key benefit of using GPUs for contouring is that the 

CPU is then freed up to perform tasks better suited for CPU computation.  For 

instance, while the CPU is used to calculate load flows or perform filtering 

operations, the GPU can independently construct and render a contour with limited 

CPU interaction. 

GPU-based contouring also has several disadvantages when compared to CPU-

based contouring.  The greatest potential disadvantage to using GPU-based 

contouring is the potential loss in accuracy due to floating point errors.  Although 

many of the latest GPUs support 32-bit operations within the fragment and vertex 

processors, using 32-bit floating point incurs a performance penalty relative to 16-bit 

operations.  Another potential difficulty with using 32-bit floating point textures is 
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that blending of 32-bit floating point values, needed to implement steps 2.1.1 and 

2.1.2 of the algorithm, is only possible on the very latest (and most expensive) video 

cards such as the NVIDIA GeForce 8- and 9-series.  Usage of older GPUs with 16-bit 

precision can lead to numerical instability, a problem which does not occur with 

modern CPUs that are capable of handling arbitrarily high precision floating point 

values. 

Another potential problem with using GPU-based contouring is the wide variety 

of capabilities of GPUs.  Although there are some standards for GPU 

programmability as defined by the OpenGL Architecture Review Board, it is 

nontrivial to write a GPU contouring program which takes advantage of all GPUs 

equally.  For instance, writing textures with an NVIDIA GPU is optimized for a 

different set of OpenGL instructions than an ATI GPU.  CPUs do not typically suffer 

as much from this difficulty due to the existence of well-established instruction sets. 

6.3 Benefits and Applications of Accelerated Contouring 

6.3.1 Improvements in usability 

The ability to render faster contours is not inherently useful; the usefulness comes 

from the improvements in usability and new applications which are enabled by the 

faster rendering rates.  Two key criteria used to evaluate a system’s usability are the 

efficiency of the interface, typically measured by the amount of time needed to 

complete a specific task, and user satisfaction in using the interface, which can be 

measured by both subjective and objective means [88].  The improvements in contour 

rendering times facilitated by using the GPU impact both of these criteria. 
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6.3.1.1 Improvements to user efficiency 

There are two common tasks which are typically used interact with a power 

system contour—navigation and changing of contour parameters.  The first of these 

tasks, navigation, consists primarily of zooming and panning the contour area.  For 

example, if an operator wants to see a more detailed voltage contour within a 

particular area, the operator must first select the area of detail and then wait for the 

contour to be rendered again.  As mentioned above, CPU-based contouring can take 

up to five times as long as GPU-based contouring of the same area.  In terms of user 

efficiency, this means that after the user has signaled to the software that the contour 

area needs to change, it takes a significantly longer time for CPU contouring to catch 

up with the user’s request.  As a result, using GPU-based contouring can significantly 

improve the efficiency of users’ interactions.  Furthermore, any attempt by the user to 

fine-tune either zooming or panning is better facilitated by the rapid contouring 

speeds enabled by the method presented in Section 6.2. 

Changing contouring parameters such as influence radius, resolution, and color 

mapping are also ways in which users interact with contours to better highlight certain 

aspects of the underlying data.  For example, if a color mapping is initially defined for 

a range of 0.95 to 1.05 per unit voltage, it may be necessary to change the range to 

highlight areas where the voltage is lower than 0.95 or higher than 1.05.  The speed at 

which the contour can be regenerated directly impacts the amount of time it takes for 

any such changes to take effect.  Therefore, this is another type of task in which 

improvements to contour rendering can significantly increase the efficiency of using 

contours to understand power system behavior. 
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6.3.1.2 Improvements to user satisfaction 

It has been shown in many previous studies that frame rate is directly related to 

the both performance and satisfaction of users when interacting with computer 

systems (see [49] for a survey of more than 50 such studies).  Figure 3 in [49], which 

summarizes the satisfaction findings from 16 different studies, shows that the lowest 

acceptable refresh rate over a wide variety of tasks is 5 Hz.  Meeting this target would 

require contour rendering that takes 0.2 s or less, a goal that is not easily achievable 

with CPU-based contouring.  One way to get these speeds using CPU contouring is to 

reduce the contour resolution, but evidence suggests that lowering resolution can have 

as much of an impact on user satisfaction as having a low frame rate [89].  Because 

GPUs allow contours to be rendered an order of magnitude faster than CPU contours, 

there should be a marked increase in user satisfaction if contouring is performed on 

the GPU instead.  In addition, one study suggests that increasing the frame rate can 

actually reduce the stress of operators using the visualization [90], which can be 

particularly important if the system operators are already in a state of heightened 

stress due to poor system conditions. 

6.3.2 Visualizing faster data 

Because the rendering times for contours using GPUs are very short, it should be 

possible to display data that arrives at a much faster rate than if CPU-based 

contouring is used.  Using the aforementioned rendering times of 0.102 s and 5.10 s 

for GPU- and CPU-based creation of a single contour, the CPU-based method could 

only keep up with a data rate below 0.2 Hz, whereas the GPU-based contouring 

method could keep up with a data rate of 10 Hz.  CPU-based methods have been 
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adequate in the past for state estimator visualization because the data coming out of 

the state estimator changes around once per minute, or 0.02 Hz.  On the other hand, 

CPU-based contouring of SCADA data, which is sampled every 2 to 3 s, can require a 

significant reduction in both influence radius and resolution to keep up with the faster 

data rate.  Moving forward, the real-time visualization of PMU data, which arrives at 

rates as high as 30 Hz, is impractical for CPU-based contouring and is a clear case 

where GPU-based contouring should be used instead. 

By upgrading the video card, improvements on the 0.102-s rendering time can be 

attained.  For instance, using a GeForce 8800 GT card, the average rendering time 

drops to 0.033 s, which corresponds to a refresh rate of 30 Hz.  Therefore, if this 

video card is used, contours can be updated in real time based on PMU data coming in 

at 30 samples/s.  One of the other advanced metering devices deployed on the grid, 

the FNET sensor, returns data to the central server at 10 samples/s.  In addition, 

contouring has been used by the research team developing FNET in order to interpret 

the raw frequency data [91].  Although the videos hosted at [91] were created using 

offline processing tools in MATLAB, real-time contouring of the frequency data 

could easily be handled by either the 7600 or 8800 GT hardware.   

One final application investigated is the visualization of angle difference 

information at the PMU-monitored buses.  The data visualized are the candidateθΔ  

signals defined in (3.1), determined for each bus using an transN  value corresponding 

to 60 s.  This is a much bigger value of transN  than is used for event detection, and the 

reason a longer transN  is used is that it keeps any changes in the angles visible to the 
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operator for an extended period of time as illustrated by the ( )3
transN  case in Figure 3.3.  

Showing these angle contours to an operator would be a useful complement to the 

event detection work, in that an operator, upon noticing a substantial shift in phasor 

angles, could then query the event detection algorithms to help determine what causes 

these angle changes.  Figure 6.9 shows how this visualization would look during the 

TVA line outage analyzed in Section 4.1.2.  The color mapping used is shown in 

Figure 6.10.  The change in the contour before and after the event highlights the 

change in angles on the system and would draw the attention of system operators for 

further investigation.  Also, the use of an transN  value of 60 s lets the change stay 

visible for 60 s after the event occurs; this is why the same contour is shown at 49 s 

and 103 s.  The deadband between -0.75 and 0.75 degrees in the colormap 

corresponds to having an angle threshold of 0.75 degrees in event detection, since the 

angle change must exceed 0.75 degrees before being highlighted. 

Alternative methods of processing the incoming data could be used, or alternative 

data such as voltage or frequency could be visualized without the extensive 

processing used to obtain useful angle signals.  Regardless, using GPUs provides a 

great deal more flexibility in terms of PMU data visualization, and this technique 

should significantly improve the potential of having real-time data visualization 

within control centers. 

 



 

 
Figure 6.9: Contour of angle changes on the TVA system before and after the line 
outage. 

 
Figure 6.10: Colormap used for angle contours in Figure 6.9. 
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7 CONCLUSIONS AND FUTURE WORK 

Chapter 2 of the dissertation deals with the processing of phasor measurement 

data in order to detect system events.  The results presented for FIR and median 

filtering highlight the key differences in these two filtering methods—FIR filtering 

provides more consistent attenuation of noise and unwanted frequency components, 

whereas median filtering preserves step changes in the system angles.  When FIR 

filtering is used in event detection, the main downside is the increased delay due to 

the corruption of the step change and the need to capture a longer transition region.  

Also, as seen with the filtering of the generator outage data, the choice of the cutoff 

frequency can have a significant impact on the performance of FIR filtering.  On the 

other hand, with median filtering, performance is difficult to predict due to the widely 

varying response depending on filter length.  Also, the median filtering results based 

on the real data obtained from TVA show that median filtering is less effective at 

removing noise from the angle measurement signals.  Ultimately, the choice of using 

FIR or median filtering boils down to a tradeoff between minimizing delay in the 

detection of the event (for which median filtering is superior) and minimizing errors 

in the determination of observedθΔ  (for which FIR filtering is superior).  There are 

several useful avenues of research for future work in the area of PMU data filtering.  

One area of research, mentioned briefly in the main text, is to determine whether or 

not hybrid FIR-median filters, which have been shown to work in image processing 

applications, have similar benefits when applied to PMU measurements.  In addition, 
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there are entire classes of filtering methods which have not been considered, including 

infinite impulse response (IIR) filtering and other types of nonlinear filters. 

Chapter 3 discusses three algorithms which can be used to detect three different 

types of events—single-line outages, double-line outages, and generator outages.  The 

way single- and double-line outages are modeled is typical when using the dc power 

flow approximations, and it is unlikely that any improvements can be made to the line 

outage modeling without adding additional state information.  The usage of 

geographically based filtering of the double-outage set is shown to significantly 

reduce the search space for double-line outage detection.  Future work examining 

whether or not the filtered event set captures real power system events would be 

useful.  The generator outage modeling makes some significant assumptions in order 

to predict the postevent angles on the system, including frequency uniformity across 

the grid.  This assumption, which results in accurate droop-based participation factors, 

leads to a significant delay between event occurrence and detection.  One possible 

area of future research would be to look at different ways to model the changes in the 

system due to generator outages in order to detect and classify these outages more 

rapidly. 

The third chapter examines the performance of the three algorithms from Chapter 

3 in classifying events.  All of the results show that in the majority of the events the 

algorithms can properly classify events based on the observed angle changes due to 

the events.  Reducing the number of PMUs on the system is shown with both single- 

and double-line outages to result in a significant increase in the number of events that 
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cannot be differentiated.  This is one justification for increasing the PMU deployment 

on the power system, which currently has a very sparse deployment of these advanced 

sensors.  In addition, the failure of the dc power flow assumptions for several of the 

single- and double-line outages due to high R/X ratios is clearly seen, showing that 

the algorithms are ultimately dependent on how well the real system meets the dc 

power flow assumptions.  For the generator outage studies, the algorithm performs 

well in ranking each generator outage, although lag between event occurrence and 

classification should be reduced in order to improve situational awareness.  One way 

to extend this research is to obtain and test the algorithms with more real-world data 

and larger test systems. 

The PMU placement problem is discussed in Chapter 5, beginning with definition 

of several possible objective functions and moving on to description of two means of 

optimizing based on these objectives—exhaustive search and simulated annealing.  

The overwhelming computational burden of exhaustive search and the shortcomings 

of using an approximate optimizer like simulated annealing are both discussed.  

Results from the simulated annealing and exhaustive search optimizations for the 

placement of three and six PMUs show that simulated annealing does provide useful 

results, although it is suboptimal.  Testing other methods of large-scale combinatorial 

optimization such as genetic algorithms would be useful, particularly if the results are 

compared to simulated annealing and exhaustive search.  The results obtained by 

using simulated annealing for the placement of 9, 18, and 27 PMUs show that 

deploying more PMUs will definitely increase the performance of the event detection 
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algorithms and also that simulated annealing scales much better than exhaustive 

search. 

Finally, Chapter 6 presents a new method of contouring power system data which 

leverages the abundant computational power of modern graphics cards.  The results 

indicate that moving contouring from the CPU to the GPU can result in significant 

improvements to usability and provide opportunities for development of applications 

that render newer measurement data in real time.  In continuing this work, GPU-based 

visualization techniques from other domains such as medical imagery and scientific 

visualization can also be evaluated to see whether or not they provide a better 

understanding of the system conditions to operators.  Formal evaluations of how 

GPU-based techniques impact user performance and satisfaction would also be useful 

to obtain. 

As new measurement devices are developed and deployed on the grid, 

applications to improve situational awareness should be one of the top priorities due 

to its importance in power system operations.  This dissertation, which focuses on 

both the processing and presentation of the new data available from PMUs, should 

help in improving the awareness of grid conditions and, by doing so, improve the 

reliability of the power grid. 
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APPENDIX A 37-BUS SYSTEM DESCRIPTION 

The basis for this system is the 37-bus system from Example 13.9 in [92].  The 

machine and exciter models were changed to the GENROU [93] and IEEET1 [94] 

models to provide a more detailed model than the original case, and the parameters 

for these models were taken from similarly sized units in the Eastern Interconnect.  In 

addition, an IEEEG1 governor [69] was added to each machine using parameters from 

similarly sized units in the Eastern Interconnect.  A full description of the system is 

provided in Tables A.1-A.10.  Figures A.1 and A.2 show the full system one-line 

diagram and the 18 PMUs monitored for outage testing, respectively. 

Table A.1: Bus information 

 

Table A.2: Generator information 
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Table A.3: Line information 

 

Table A.4: Load information 

 
Table A.5: Switched shunt information 
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Table A.6: Transformer control information 

 

Table A.7: Line shunt information 

 
Table A.8: Machine model information (all nonspecified parameters are zero) 

 
Table A.9: Exciter model information 
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Table A.10: Governor model information (all nonspecified parameters are zero) 

 

 
Figure A.1: One-line diagram of the 37-bus system. 
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Figure A.2: One-line diagram with 18 PMU buses as defined in Section 4.1.1.2 
highlighted. 
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